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ABSTRACT
Understanding intermittent dissipation in the interstellar medium is integral to under-
standing the chemical abundances and line luminosities observed therein. In the cold
neutral medium, continuous heating processes due to cosmic rays and photoelectric
emission from dust grains determine a unique equilibrium temperature varying with
density. Excursions from this are due to intermittent processes including shocks, vis-
cous heating, and ambipolar diffusion. The high-temperature excursions are thought to
explain the enhanced abundance of CH+ observed along diffuse molecular sight-lines.
Intermittent high temperatures should also have an impact on H2 line luminosities.
We carry out simulations of MHD turbulence in molecular clouds including heating
and cooling, and post-process them to study H2 line emission and hot-gas chemistry,
particularly the formation of CH+. We explore multiple magnetic field strengths and
equations of state. We use a new H2 cooling function for nH ≤ 105 cm−3, T ≤ 5000 K,
and variable H2 fraction. Our models produce H2 emission lines in accord with many
observations, although extra excitation mechanisms are required in some clouds. For
realistic r.m.s. magnetic field strengths (≈ 10 µG) and velocity dispersions, we re-
produce observed CH+ abundances. Comparison of predicted dust polarization with
observations by Planck suggests that the mean field & 5µG, so that the turbulence is
sub-Alfve´nic. We recommend future work treating ions and neutrals as separate fluids
to more accurately capture the effects of ambipolar diffusion on CH+ abundance.
Key words: Turbulence, etc...
1 INTRODUCTION
The abundance of CH+ in diffuse interstellar clouds has been
a challenge to explain since it was first identified (Douglas &
Herzberg 1941). The observed column densities (& 1013 cm−2,
Lambert & Danks 1986a) are puzzling due to the multiple
efficient destruction mechanisms for CH+: reactions with H,
H2, e−, and dissociation by ultraviolet radiation. In addition,
the reaction
C+ + H2 → CH+ + H ∆E/k = 4640 K, (1)
is strongly endothermic and only proceeds appreciably for
temperatures T & 1000 K, significantly higher than the
≈ 100 K temperatures characteristic of these clouds. As a
result, steady state models fail to produce CH+ in sufficient
quantities, predicting column densities at least two orders
magnitude below observed values (van Dishoeck & Black
1986).
Proposed solutions to this problem rely on ways to heat
? E-mail: moseley@princeton.edu
some fraction of the gas, even transiently, to T & 1000 K.
Elitzur & Watson (1978) proposed that shock waves in dif-
fuse molecular clouds could account for the CH+ produc-
tion, and two-fluid MHD shock models were subsequently
used to model CH+ formation (Flower et al. 1985; Draine &
Katz 1986a,b; Draine 1986b). Other solutions have also been
proposed, including diffuse gas undergoing strong photoelec-
tric heating (White 1984), dense photon-dominated regions
(PDRs) (Duley et al. 1992; Sternberg & Dalgarno 1995), and
heating in boundary layers at cloud surfaces (Duley et al.
1992).
As diffuse interstellar clouds are supersonically turbu-
lent, intermittent shock heating is one possible way to heat
enough of the gas to these temperatures. On the basis of lab-
oratory experiments of turbulent flows, Falgarone & Puget
(1995) suggested that intermittent dissipation of turbulence
could heat diffuse molecular clouds to these temperatures.
Pan & Padoan (2009) found that, in compressible MHD tur-
bulence simulations, a few percent of the gas by mass could
be heated to & 1000 K in such diffuse molecular clouds, and
thus produce the observed amounts of CH+. These findings
c© 2019 The Authors
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Figure 1. Left: Column density of H nuclei in a snapshot of each of our 5123 ideal MHD simulation including heating and cooling
processes. Right: Total H2 rotational line emission intensity. It is apparent that much of the emission comes from shocks by the sheet-
like distribution of the emission (See Sec. 4.2). For each simulation, the box is 20 pc on a side with a mean density of nH = 30 cm−3. The
initial (and therefore mean) vector magnetic field B0 = 0.5µG (top) and 4.5µG (bottom), oriented in the horizontal direction.
may also help to explain observed levels of H2 rotational
line emission (e.g. Ingalls et al. 2011) as well. High- j states
of H2 can only be effectively populated in relatively hot gas
& 1000 K or through ultraviolet pumping. It is thus not sur-
prising that CH+ column density and rotationally-excited
H2 are correlated (Frisch & Jura 1980; Lambert & Danks
1986a).
Drift between ionic and neutral species in MHD shocks
has been proposed as a way to help overcome the energy bar-
rier in reaction (1) (Draine 1980; Flower et al. 1985). Myers
et al. (2015, hereafter MML15) analyzed MHD turbulence
simulations with an isothermal equation of state for the pur-
pose of addressing the CH+ abundance and found that the
contribution to the reaction rate from ion-neutral drift was
the dominant effect responsible for generating CH+.
Like MML15, we have run ideal MHD turbulence sim-
ulations to understand the abundance of CH+. We use the
same abundances of H, H2, e−, C, and O, the same mean
density, and the same box size to make our simulations as
directly comparable to theirs as possible. Two of our simula-
tions use a low initial magnetic field strength (0.5 µG), and
two use a high magnetic field strength (4.5 µG). Two are run
with an isothermal equation of state as in MML15, and two
are run with an adiabatic (γ = 5/3) equation of state with
heating and cooling processes included throughout the sim-
ulation. For all of our simulations, we also estimate the am-
bipolar diffusion heating in each cell with a post-processing
scheme described in section 3.3. This effect is separate from
the
streaming-induced enhancement of the reaction rate,
and similarly important. In our simulations, the ambipo-
lar diffusion heating rate can become the dominant heat-
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ing term in the low density regions where MML15 deter-
mined the majority of CH+ is produced. We present maps
of total column density and H2 rotational line intensities for
those simulations that include heating and cooling processes
throughout in Fig. 1.
Because turbulence leads to disorder in the magnetic
field, we check to see whether the proposed levels of MHD
turbulence are consistent with observations of polarized
emission from aligned dust grains (Planck Collaboration
et al. 2015c, 2018).
In section 2 we review our model, the effects of ambipo-
lar diffusion, and the relevant heating processes. In section 4,
we detail our (new) calculation for the H2 cooling function
and an accurate fit to it for computational ease (see also
App. B), as well as describe the C+ and O line cooling that
we use. In section 4.2, we discuss details of H2 line emission.
Then, in section 5 we describe the chemistry that goes into
producing CH+. We present our results for the temperature
and drift velocity in our simulations, the CH+ abundance,
the velocity distributions of CH+ molecules, H2 rotational
line emission, and the polarization of dust emission in sec-
tion 6. Finally, we discuss our results in section 7 and provide
a summary of our findings in section 8. A summary of our
simulation parameters and results can be found in tables 1
and 2, respectively.
2 FLUID DYNAMICS
As described in Sec. 1, our simulations are designed to study
the formation of the CH+ molecule and emission from H2
rotational transitions in turbulent molecular clouds.
To investigate the importance of magnetic field
strength, and to compare different treatments of the fluid
dynamics, we have run a number of simulations. In Ap-
pendix A, we explore the numerical convergence of our re-
sults using resolutions ranging from 643 through 5123. In the
body of this paper however, we will focus on simulations run
at a resolution of 5123.
For each magnetic field strength, we calculate the fluid
motions assuming ideal MHD and explicit heating and cool-
ing. We also carry out simulations using ideal MHD and
an isothermal equation of state, to evaluate the effects of
heating and cooling on the fluid motions. We post-process
these isothermal simulations following a procedure similar
to that given in MML15 (see Sec. 3). Our post-processing
of the isothermal simulations differs from MML15 in that
we use a new H2 cooling function (Eq. 17), and we attempt
to estimate the effects of ambipolar diffusion heating on the
system as described in the coming sections.
2.1 Models & Scaling
Intermittent dissipation events in molecular clouds
arise from the supersonic MHD turbulence that per-
vades them. To
model these clouds, we use the results of four 5123
driven MHD turbulence simulations run with the astrophys-
x(H) ≡ n(H)/nH 0.68
x(H2) ≡ n(H2)/nH 0.16
x(He) ≡ n(He)/nH 0.1
x(e−) ≡ ne/nH 1.6 × 10−4
x(C) ≡ n(C+)/nH 1.6 × 10−4
x(O) ≡ n(O)/nH 3.2 × 10−4
µ 1.49mproton
〈nH〉 30 cm−3
〈ρ〉 = µ〈n〉 7.0 × 10−23 g/cm−3
〈NH〉 = 〈nH〉`0 1.85 × 1021 cm−2
Table 1. Model Parameters.
ical MHD code Athena++.1 These simulations utilize pe-
riodic boundary conditions and a cubic domain. They are
driven solenoidally between wavenumbers k = 2pi/`0, 4pi/`0
with a power spectrum P(k) ∝ k−2, where `0 = 20 pc is
the length of a side of the simulation volume. The driving
follows the Ornstein-Uhlenbeck process (Lynn et al. 2012),
smoothly evolving the driving with a correlation time of
about 1/10 of a dynamical time. We use the Harten-Lax-van
Leer-Discontinuities (HLLD) Riemann solver together with
a second order Piecewise-Linear-Mesh (PLM) primitive re-
construction with a second order van Leer time integrator.
As magnetic fields and their effects in molecular clouds may
vary, we use two initial field strengths to compare to one
another: 0.5 µG and 4.5 µG.
Simulations begin with a uniform medium and uni-
form magnetic field B0, and are then driven until the veloc-
ity dispersion σ3D and the root-mean-square magnetic field
strength Brms saturate. We adjust the driving so that the
saturated value of σ3D is close to the observed size-linewidth
relation:
σ3D ≈
√
3 (0.72 km/s)
( R
1pc
)0.5
≈ 3.94 km/s, (2)
where we have let the cloud’s radius R = `0/2 = 10 pc. The
driving power necessary to reach this will vary depending
on field strength and equation of state. The values we have
adopted for the size-linewidth relation are from
Solomon et al. (1987).
The parameters we use are shown in Table 1. Many
of these are chosen to reflect values from MML15. We de-
fine the plasma β as the ratio of the volume-averaged ther-
mal pressure to the volume averaged magnetic pressure. The
Mach number is the mass-weighted root-mean-square (rms)
velocity divided by the mass-weighted sound speed, and the
Alfve´n Mach number is the mass-weighted rms velocity di-
vided by the volume averaged Alfve´n speed. These defini-
tions are chosen so that the Mach number and Alfve´n Mach
number are simply related to the ratio of kinetic energy to
thermal energy and kinetic energy to magnetic energy, re-
spectively. Like MML15, we adopt a constant composition
and assume all of our ions are C+.
We neglect gravity. The total mass in our volume is
about 8300 M, giving a virial parameter αvir = 5σ21DR/GM ≈
7.2, rendering self-gravity negligible. We may also compare
the effects of gravity to magnetic fields through the mass-
1 https://github.com/PrincetonUniversity/athena-public-
version
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to-flux ratio relative to critical
µΦ =
2piM
√
G
Brms`20
. (3)
For our simulations µΦ ranges from about 0.7 to 1.9, so these
simulations range from somewhat magnetically sub-critical
to somewhat super-critical.
We explicitly follow internal energy in our simulations
and changes therein due to heating (from cosmic rays and
photoelectric emission from dust grains) and cooling (due
to C+, O, and H2 line emission). The cooling is not scale-
free, introducing a particular length, time, and temperature.
When using this cooling function as an explicit source term
in a simulation, we are thus given less freedom than when
post-processing isothermal simulations.
2.2 Ambipolar Diffusion
The effects of ambipolar diffusion in the CNM have been
treated in three separate ways in MHD turbulence simula-
tions. The first is to treat ions and neutrals as separate flu-
ids that interact through a drag force with frictional heating
(Draine 1986a; Li et al. 2008). This is the most true-to-life
of the three methods, but is numerically challenging on the
length scales we are interested in, and currently beyond com-
putational reach.
The second approach is a modified MHD treatment that
neglects the inertia of the ions and treats ambipolar diffusion
as an extra diffusive term in the magnetic induction equation
(Mac Low et al. 1995). It assumes that ions stream relative
to the neutrals at an instantaneous velocity given by
vd =
(∇ ×B) ×B
4piγADρnρi
, (4)
where B is the magnetic field, γAD = 〈σv〉/(mi + mn) is the
ion-neutral coupling constant, ρn is the density of neutral
species, and ρi is the density of ions. Here 〈σv〉 is the mo-
mentum transfer rate coefficient, and mi and mn are the ion
and neutral mass per particle. The magnetic field would be
evolved according to
∂B
∂t
= ∇ × ((vn + vd) ×B) . (5)
This second approach is prohibitively expensive for this
problem as well. For the 20 pc scales we are interested in,
the ambipolar diffusion length is very small in the highest
density regions. As a result, to resolve the effects of am-
bipolar diffusion in these regions would require extremely
high resolution. Further, the time-step required for numeri-
cal stability in this method scales as ∆tAD ∝ (∆x)2, the spatial
resolution squared. The combination of these factors make
this approach infeasible for our problem.
The third approach is to assume that ideal MHD can
be used to evolve the density, fluid velocity, and magnetic
field. An additional approximation usually treated with this
is that the ion-neutral drift velocity vd can also be approxi-
mated by Eq. 4 with B taken to be the field computed as-
suming ideal MHD. This approach relies on estimating the
effects of ambipolar diffusion in post-processing, rather than
self-consistently in real time. Our approach is most similar
to this third approach, with some important modifications.
Naively assuming that Eq. 4 accurately reflects the ion-
neutral drift velocities everywhere in a simulation volume
Figure 2. The mean CH+ column density and H2 rotational line
intensity in each simulation as a function of the cutoff in the ion-
neutral drift velocity (see Sec. 6.1). The value we adopt in our
analysis, 5 km/s, limits us to only counting regions where the
ambipolar diffusion Reynolds number is greater than order unity
(vd . σ3D), as well as ensures that the ambipolar diffusion heating
is at most of order the driving energy rate. We show this 5 km/s
cut as a grayed out vertical line.
leads to several issues. The volume-averaged heating rate
calculated with Eq. 4 can easily exceed the volume-averaged
driving power, which is unphysical. The heating power per
mass may be very large in low density regions, where the
drift velocities given by Eq. 4 can become very large (see
Figure A1). A conservative way of dealing with these high
drift velocities and heating rates is to exclude from our anal-
ysis regions where the drift velocity exceeds some chosen
threshold. The exact value of this cut will have an effect on
our results. Figure 2 examines the effect that this cut has
on our results.
3 HEATING PROCESSES
As we have simulations with both an isothermal equation
of state and a non-isothermal equation of state, we must
incorporate heating in two separate ways.
The first (used for the isothermal equation of state) is to
determine the temperature in each cell after the simulation
is completed assuming a balance between all cooling and
heating processes. Formally, a temperature T is computed
in each cell where
Λ(ρ,T ) = Γ(ρ,v), (6)
where Λ(ρ,T ) (described in Sec. 4) is the total cooling in that
cell and Γ(ρ,v) is the total heating including cosmic ray and
MNRAS 000, 000–000 (2019)
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name B0 B||,rms B⊥,rms/
√
2 Brms β0 β σ3D MA ε˙ logNCH+ ,50 IH2 ,50 〈P˜x〉 〈P˜z〉
units µG µG µG µG None None km/s None 10−26erg cm−3 s−1 log[cm−2] 10−8erg/s/cm2/sr None None
b0.5 0.5 2.4 2.5 4.3 24 0.51 4.3 2.9 7.4 12.2 20.8 0.22 0.22
b0.5-iso 0.5 2.0 2.4 3.7 24 0.68 4.0 3.1 6.7 12.3 20.4 0.18 0.21
b4.5 4.5 6.1 5.1 9.5 0.38 0.10 3.9 1.2 10.0 13.2 45.9 0.27 0.30
b4.5-iso 4.5 5.8 4.4 8.6 0.38 0.13 4.2 1.4 6.7 13.1 47.8 0.24 0.29
Table 2. Simulation parameters and selected statistics. Simulations labeled with “iso” employed an isothermal equation of state and
are processed differently, as described in section 3. B0 and Brms are the mean and root-mean-square magnetic field strength; B||,rms and
B⊥,rms/
√
2 are the root-mean-square components of the saturated magnetic field along and across the mean magnetic field, respectively;
β0 and β are the initial and final plasma beta; σ3D is the 3D velocity dispersion; MA is the final Alfve´n Mach number; ˙ is the input
driving power/volume; NCH+ ,50 is the median CH+ column density; IH2 ,50 is the median sum total intensity of the H2 rotational lines;
and 〈P˜x〉 and 〈Pz〉 are the mean magnetic field alignment parameters for viewing along and across the mean magnetic field direction (see
Sec. 6.5).
photoelectric heating and an estimate for the viscous heating
(see Secs. 3.1 and 3.2). Ambipolar diffusion heating is treated
differently, and described in Sec. 3.3.
The second is to use the explicit integration scheme im-
plemented in the MHD code Athena++ to include the extra
heating and cooling terms (described in Secs. 3.1, 4) dynam-
ically throughout the time domain of the simulation. This
method implicitly handles both viscous and shock heating,
and has the advantage of allowing for the possibility of adi-
abatic heating and cooling. However, this can also make the
method prohibitively expensive. Occasionally, rarefactions
in already cold (dense) gas will adiabatically cool gas well
below the equilibrium temperature (which may be as cold
as ≈10 K in the case of gas with nH ∼ 104cm−3). For heat-
ing that is proportional to density (as in cosmic ray and
photoelectric heating, described below in Sec. 3.1, 3.2), such
dense gas may have a large heating rate, but a small inter-
nal energy, leading to a restrictive thermal time step. In this
case, we impose a limit on how cold the gas can get, and
suppose that it cannot cool below 2.7 K. While this means
we effectively inject energy into these few extremely cold re-
gions, the amount is small compared to the other heating
terms, and so should have a negligible impact on the global
dynamics and chemistry of the simulation.
3.1 Cosmic ray & Photoelectric heating
Cosmic ray ionizations and the photoelectric effect on dust
grains both serve to heat the cold neutral medium.
The heating due to cosmic ray ionizations is a combi-
nation of the cosmic ray ionization rate per hydrogen nu-
cleus ζH, the heat per ionization ∆Q, and the density nH. We
take ζH = 1.8 × 10−16s−1 from Indriolo & McCall (2012) and
∆Q = 10 eV from Glassgold et al. (2012).
Our chosen ∆Q and ζH are identical to those chosen in
MML15 so that our results are as directly comparable as
possible. The cosmic ray heating is thus
ΓCR = ζH∆QnH = 1.9 × 10−25
( nH
〈nH〉
)
erg cm−3 s−1. (7)
The dust photoelectric heating rate can be written (Wolfire
et al. 2003)
ΓPE = 1.3 × 10−24nHG0 ergs cm−3 s−1, (8)
with  being the heating efficiency and G0 the FUV inten-
sity in the units of Habing (1968). For G0 = 1.1 (Mathis
et al. 1983), and typical parameters (〈nH〉 = 30 cm−3, T =
100 K, x(e) = 1.6 × 10−4),  = 0.018, and thus
ΓPE = 7.6 × 10−25
( nH
〈nH〉
)
ergs cm−3 s−1, (9)
four times larger than ΓCR.
3.2 Viscous heating
While viscous heating is handled implicitly in Athena++
when we use a non-isothermal equation of state, for simula-
tions with an isothermal equation of state we determine the
temperature using a post-processing scheme similar to that
in Pan & Padoan (2009) and MML15. To estimate the vis-
cous heating in each cell of the simulation, we first compute
the rate of shear tensor σ:
σ =
1
2
(∇v + ∇vT ) − 1
3
(∇ · v)δ, (10)
where T denotes the transpose, and δ is the euclidean met-
ric tensor. The gradients here are determined using a cell-
centered finite difference method, and so should be second
order accurate in the spatial resolution. Given σ, the viscous
heating in a cell is
Γν = 2νρσ : σ. (11)
The kinematic viscosity ν here is not of physical origin; it’s
a numerical viscosity. Similarly to MML15, we estimate its
value by allowing ν to be a normalization such that the total
viscous heating in the simulation is equal to the input driving
power; in other words, we assume that all the input driving
power goes into viscous heating.
3.3 Ambipolar diffusion heating
We do not include ambipolar diffusion in the dynamics of
our simulation. However, in low density regions, ambipolar
diffusion can become an important heating mechanism. In
order to best estimate what the thermal effects of ambipo-
lar diffusion would be in our simulations, we begin with the
temperature T either from the code directly (as is the case
with simulations b0.5 and b4.5), or post-processed following
a procedure similar to that given in MML15 (done for the
isothermal simulations b0.5-iso and b4.5-iso). Given these
temperatures T , we compute a new temperature T+AD by
solving the following equation in each cell of the simulation:
Λ(ρ,T+AD) = ΓAD(ρ,B) + Λ(ρ,T ), (12)
MNRAS 000, 000–000 (2019)
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Figure 3. Solid line: ΛH2/n(H2) power radiated per H2 for statis-
tical equilibrium (Eq. B14), Red curve: Λfit/n(H2) (Eq. 17). Con-
tributions to the cooling of selected lines are shown. The ma-
genta curves show the radiated power (per H2) from [C ii]158µm
and [O i]63µm. Also shown (green curve) is the H2 cooling per H2
given by MML15. Our cooling function ΛH2 exceeds the MML15
H2 cooling function by a factor ∼ 40 for T & 500 K.
where ΓAD is the heating rate per volume due to ion-neutral
friction. This may be expressed as
ΓAD = γADρnρiv2d, (13)
where γAD = 〈σv〉/(mn + mi) is the ion-neutral coupling co-
efficient (taken to be between C+ ions and H2, identical to
that in Eq. 4), and vd is the ion-neutral drift velocity (see
Eq. 4). This assumes instantaneous balance between heat-
ing and cooling, which will only be approximately true. It
is important to note, however, that this does not throw out
our hard-earned dynamical heating, as the new temperature
T+AD is bounded by the old temperature T from below, or
T+AD ≥ T. (14)
4 COOLING PROCESSES
4.1 Fine Structure Lines
In the cold neutral medium, the main avenues for cooling
we expect are due to the species C+, O, and H2. For C+ and
O, we use
ΛC+/n2H = 3.6 × 10−27e−92 K/Terg cm3 s−1 (15)
ΛO/n2H = 2.35 × 10−27
( T
100K
)0.4
e−228 K/Terg cm3 s−1. (16)
These values have been scaled from their original values in
Wolfire et al. (2003) to reflect our C and O abundances.
4.2 H2 Line Emission
The rotation-vibration lines of H2 can be important cool-
ing channels. We employ a new H2 cooling function that
is easy to evaluate, but which provides a good approxima-
tion to detailed calculations of H2 excitation over a wide
range of densities, temperatures, and molecular fractions.
Our new cooling function ΛH2 is based on up-to-date colli-
sional rate coefficients, as described in Appendix B. Figure
3 shows the cooling rate for nH = 30 cm−3 and molecular frac-
tion 2n(H2)/nH = 0.3 that MML15 took to be a representative
example for gas in a turbulent molecular cloud. We fix the
ortho/para ratio at the value 0.7 adopted by MML15. The
H2 cooling for this case is shown in Figure 3.
The total H2 cooling is shown (blue solid curve) for
100 K ≤ T ≤ 5000 K. Also shown are the powers in selected
emission lines. For T ≤ 103 K the H2 cooling is dominated
by 4 rotational lines: 0 − 0S (0)28.22µm, 0 − 0S (1)17.03µm,
0 − 0S (2)12.28µm, and 0 − 0S (3)9.66µm. At temperatures
T & 1000 K, rotational lines from J > 5 become impor-
tant, and for T > 2000 K the vibrational transitions (e.g.,
1 − 0S (1)2.122µm) begin to make a significant contribution
to the total cooling.
In Figure 3 we also show the cooling power (per H2
molecule) in the [CII]158µm and [OI]63µm fine structure
lines. We see that for the conditions considered in Figure 3,
the fine structure lines dominate the cooling for T . 300 K,
but for T & 300 K the cooling is dominated by H2.
Figure 3 also shows the H2 cooling function from
MML15, for T . 2000 K. The MML15 cooling function is
smaller than the present ΛH2 by a factor ∼ 40.
The resulting cooling power per H2, Λ/n(H2), is shown
in Figure 4 for selected densities 1 ≤ nH ≤ 105 cm−3, for gas
that is predominantly atomic (Fig. 4a) and predominantly
H2 (Fig. 4b). The atomic and molecular cases differ because
the rate coefficients for collisional excitation of H2 by H and
by H2 can in some cases differ by large factors. For example,
at T = 5000 K the cooling power per H2 is ∼ 5 times larger
in atomic than in molecular gas with the same nH.
At densities nH . 102 cm−3, ΛH2/n(H2) is approximately
linear in nH, with almost all collisional excitations followed
by radiative decay. At high densities nH & 105 cm−3 the level
populations approach LTE, and ΛH2/n(H2) becomes indepen-
dent of density.
For computational purposes, it is useful to have an
analytic function Λfit(n,T ) that provides an acceptable ap-
proximation to the “exact” H2 cooling function ΛH2 (T ) for
MNRAS 000, 000–000 (2019)
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Figure 4. H2 cooling power per H2 for densities nH = 1, 10, 102, 103, 104, and 105 cm−3. (a) Gas which is 99% atomic and 1% H2 (b) Gas
which is 99% H2 and 1% atomic. Solid curves: present calculations. Blue dashed curves: fitting function Λfit (Eq. 17). Red dashed curves:
CLM19 fitting function. Λfit (Eq. 17) is much closer to our exact calculation than the CLM19 fit. Differences are most pronounced for
gas that is mainly H2.
T . 5000K:
Λfit = n(H2)
4∑
i=1
fi(n,T ) (17)
f1(n,T ) = 1.1×10−25T 0.53 e−0.51/T3
[
0.7x1
1 + x1/n1
+
0.3x1
1 + x1/(10n1)
]
ergs s−1
f2(n,T ) = 2.0×10−25T3e−1/T3
[
0.35x2
1 + x2/n2
+
0.65x2
1 + x2/(10n2)
]
ergs s−1
f3(n,T ) = 2.4×10−24T 1.53 e−2/T3
[
x3
1 + x3/n3
]
ergs s−1
f4(n,T ) = 1.7×10−23T 1.53 e−4/T3
[
0.45x4
1 + x4/n4
+
0.55x4
1 + x4/(10n4)
]
ergs s−1
x1 ≡ n(H) + 5.0n(H2) n1 = 50 cm−3 (18)
x2 ≡ n(H) + 4.5n(H2) n2 = 450 cm−3 (19)
x3 ≡ n(H) + 0.75n(H2) n3 = 25 cm−3 (20)
x4 ≡ n(H) + 0.05n(H2) n4 = 900 cm−3 (21)
The coefficients multiplying n(H2) in Eq.(18-21) reflect the
collisional rate coefficients for excitation by H2 relative to
excitation by H and He. We see that Eq. (17) provides a
fairly good fit to Λ over a wide range of temperatures and
densities, for both atomic gas (Fig. 4a) and molecular gas
(Fig. 4b).
Coppola et al. (2019) (hereafter CLM19) provide a fit-
ting function for H2 cooling over the 102 K – 4000 K temper-
ature range. Figure 4 compares the CLM19 fitting function
to our calculated H2 cooling rates in predominantly atomic
gas: the CLM19 fitting function tends to underestimate our
computed cooling rates by factors of ∼ 2 for T . 500 K.
Both CLM19 and the present study use H-H2 collision
cross sections from Lique (2015). The difference in the T .
500 K cooling appears to be due to differences in adopted
rates for collisional excitation by He: Coppola et al. (2019)
used quasi-classical trajectory cross sections from Celiberto
et al. (2017) whereas we use quantum-mechanical results
from Le Bourlot et al. (1999), which are believed to be more
accurate at low energies.
For molecular gas, the CLM19 fitting function under-
estimates the cooling rate by a factor of ∼ 3 for tempera-
tures . 500 K, and overestimates it by a similar factor for
& 500 K. Both the present study and CLM19 assume ortho-
para equilibration, resulting in a low ortho-para ratio at the
lower temperatures.
5 CH+ CHEMISTRY
When ions are streaming through the neutrals, the rate for
the endothermic reaction (1) is affected by the nonthermal
distribution of ion-neutral impact speeds. Following Flower
et al. (1985) we employ a rate coefficient which is a function
of an effective temperature
Teff = T+AD +
µ
3k
v2d = T+AD + 10
3K
(
vd
3.8 km s−1
)2
, (22)
where µ is the reduced mass of C+ and H2 and k is the Boltz-
mann constant. This applies when Teff ≥ 1547 K (Pineau des
Forets et al. 1986). When Teff < 1547 K, we instead have that
the reaction rate is a function of
T ′ ≡ T+AD 4640 K4640 K − µv2d/k
≈ T+AD
1 − (vd/4.7 km/s)2 (23)
As with MML15, we assume instantaneous balance between
formation and destruction of CH+. The rate coefficients for
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each of the various creation and destruction mechanisms are
C+ + H2 → CH+ + H; kCH+ = 2.6 × 10−10 exp[−ξ] cm3 s−1,
ξ ≡ max
{4640 K
Teff
,
4640 K
T ′
}
,
C+ + H→ CH+; kra = 4.46 × 10−17T−1/22 ×
exp[−0.229T−2/32 ] cm3 s−1,
CH+ + H→ C+ + H2; kHI = 1.5 × 10−10 cm3 s−1,
CH+ + H2 → CH+2 + H; kH2 = 1.2 × 10−9 cm3 s−1,
CH+ + e→ C + H; ke = 5.2 × 10−8T−0.172 cm3 s−1 (24)
kCH+ is an approximate form given by Pineau des Forets et al.
(1986), but increased by a factor 2.6 to better match the
exact rate shown in Fig. 5. In Fig. 5, we compare the Pineau
des Forets et al. (1986) approximation against The ”exact”
rate in Fig. 5 is calculated following Draine & Katz (1986a)
for various vd using the cross section for the v = 0, J = 0
state of H2 (Gerlich et al. 1987; Zanchet et al. 2013). kHI,
and kH2 are those from the Meudon PDR code
2. kra is from
Barinovs & van Hemert (2006), while ke is from Chakrabarti
et al. (2018). Balancing formation with destruction gives
nCH+ = x(C+)
x(H2)kCH+ + [1 − 2x(H2)]kra
[1 − 2x(H2)]kHI + kH2 x(H2) + kex(e)
nH. (25)
It is clear from this expression that the CH+ abundance is
most sensitive to the abundances of C+ and H2. Solving for
the abundance as a function of time when perturbed from
equilibrium, one finds that the chemical relaxation time is
on the order of 250 years, much shorter than all other time
scales in our simulation, so the assumption of equilibrium
chemistry is a good one.
6 RESULTS
6.1 Temperature & ion-neutral drift
The chemistry we are primarily interested in takes place
in gas with temperatures & 1000K. Fig. 6 shows that in
our simulations, the mass-fraction of the gas with either
T+AD & 1000 K or Teff & 1000 K is ∼ 1%, just as Falgarone
& Puget (1995) and Pan & Padoan (2009) suggested was
necessary to produce the observed column densities of CH+.
If the temperature becomes too high, (& 5000K) molecu-
lar hydrogen will be dissociated. We also suppose that CH+
production will cease if the ion-neutral streaming velocity vd
exceeds ∼22 km/s, where the center-of-mass energy is suffi-
cient to dissociate H2 via C+ + H2 → C+ + 2H.
With ideal MHD, we find the drift velocities given by
Eq. 4 can sometimes become very large in low density re-
gions, sometimes reaching values as large as 100 km/s in very
low density regions. In nature, were drift velocities this high
produced, they would (1) self-limit by decreasing the mag-
netic field strength directly through diffusion, and (2) create
high ambipolar diffusion heating rates that would drive up
the temperature and thus ionization of the gas, leading to
stronger ion-neutral coupling and a drop in the drift speed.
We thus suspect that in the cold neutral medium, drift ve-
locities do not routinely reach these high values vd & 5 km/s.
2 https://ism.obspm.fr/?page id=33
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Figure 5. The exact rate coefficient (red, solid) for the reac-
tion (1) (see text) and the approximation (black, dashed) from
Pineau des Forets et al. (1986), but multiplied by 2.6 to bet-
ter match the exact rate. The exact curves are labeled by the
ion-neutral drift velocity vd (km/s). The approximate curves cor-
respond sequentially to these same drift velocities. We see that
the approximation is more accurate at higher values of the rate
coefficient, with the largest discrepancies being when the drift
velocities are 5 and 6 km/s.
For these reasons, we choose to simply ignore CH+ produc-
tion in regions in our simulation where the drift velocity
exceeds 5 km/s. We explore the effect of varying this cutoff
velocity in Fig. 2.
6.2 CH+ abundance
With the CH+ formation rate depending on the effective
temperature Teff , we expect the CH+ abundance to be bi-
ased towards both high T and high ion-neutral drift velocity
regions. These regions happen to mostly coincide. In Fig. 7,
we show joint histograms of T vs. drift velocity, T vs. density,
and drift velocity vs. density for each of our four simulations.
The white contours in Fig. 7 represent where 99%, 90% and
50% of the CH+ exists on each plot. These contours demon-
strate that in all of our simulations, CH+ is produced in low
density (nH ∼ 3 cm−3), high drift velocity (vd & 1 km/s), hot
regions (T & 500 K).
However, these two modes for creating CH+ are not
equal in efficacy. For both the high field strength simula-
tions (b4.5 and b4.5-iso) and the low field strength simu-
lations (b0.5 and b0.5-iso) it seems that high drift velocity
regions are responsible for the vast majority of CH+ pro-
duction. Fig. 2 shows that when we exclude regions with
vd ≥ vcut, as we decrease vcut, the CH+ abundance in the sim-
ulations is attenuated beginning at about vcut ≈ 20 km/s in
all simulations. As we reduce vcut down to 1 km/s nearly all
of the CH+ vanishes, with our abundances falling to between
1010 and 1011 cm−2.
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Figure 6. Mass weighted cumulative distribution functions (top)
and probability density functions (bottom) of temperature T
(solid), temperature adjusted with ambipolar diffusion heating
T+AD (dashed, see Eq. 12), and effective temperature (dotted,
see Eq. 22) for simulations with two different mean magnetic
field strengths and either an isothermal equation of state post-
processed as described in Sec. 3. It is clear that the difference
between the two procedures is not dramatic. Further, as might
be expected, for higher field strengths, the PDFs for T+AD and
Teff show a much larger mass of gas at or above 1000K, and thus
able to produce CH+ and H2 rotational line emission.
As another way to estimate the effect of ion-neutral drift
on CH+, we may use the ordinary temperature T instead of
T+AD or Teff in computing the CH+ abundance using Eq. 25.
Doing so, we find median CH+ column densities that are
lower than those listed in Table 2 by a factor of between
16 and 50 (depending on the simulation), far below those
observed in Weselak et al. (2008b). This suggests that ion-
neutral drift is
critical for CH+ formation.
In Figs. 8 and 9, we compare the results of our model
to Weselak et al. (2008b)’s data. Fig. 8 shows reasonable
agreement between the Weselak et al. (2008a) data and our
simulations b4.5 and b4.5-iso, though there may be a larger
tail to low CH+ column density in the observations than
in our simulation data. In Fig. 9 we do not find the same
correlation between column density of H nuclei and CH+
in our simulations that seems to be present in the Weselak
et al. (2008b) sample.
Our simulations assume a constant H2 fraction, n(H2) =
0.16nH – we do not follow formation and destruction of H2,
which would require treating the radiative transfer of the far-
UV photons responsible for photodissociation of H2. Thus
the low NH sightlines in our simulations support CH+ for-
mation via reaction (1). In the real ISM, however, sightlines
with N(H2) . 1018 cm−2 tend to have low H2 fractions, be-
cause photodissociation is insufficiently suppressed by self-
shielding (Draine & Bertoldi 1996) – this accounts for the
absence of CH+ detections for NH < 2.5×1020 cm−2 in Weselak
et al. (2008b).
Comparing NCH+ to the total intensity of emission from
H2 rotational lines 0-0 S (n), I(H2), Fig. 10 shows a strong
correlation between these quantities, in particular where col-
umn densities of CH+ are high or where I(H2) is high. This is
in line with the observed correlation of rotationally-excited
H2 with NCH+ (Lambert & Danks 1986b; Frisch & Jura 1980;
Spitzer Jr et al. 1974).
Figure 11 shows the joint probability density function of
magnetic field strength versus number density of hydrogen
nuclei, with contours containing 50%, 90%, and 99.9% of the
CH+ in our simulation. As CH+ appears to cluster around
densities nH ∼ 1 cm−3 in our simulations, we may consider the
CH+ column density to be a probe of the heating processes
in the lowest density molecular regions.
6.3 Synthetic CH+ velocity distributions
We construct synthetic line-of-sight (1D) particle velocity
distributions for H2 and CH+ for qualitative comparison with
observations (e.g., Pan et al. 2004). In each cell of a simula-
tion, we have the neutral fluid velocity v and the ion-neutral
drift velocity vd (calculated as in Eq. 4). The fluid velocity
of the ions in that cell is
vi = v + vd. (26)
We assume Maxwellian velocity distributions, centered on
v for neutrals, and vi for ions. In addition, below the grid
scale of the simulation, there will be some microturbulent
contribution to the velocity dispersions of both the ionic and
neutral species. If the power spectrum for each simulation
were purely Kolmogorov, this microturbulent contribution
would be σ0 ≈ 0.5 km/s, and this is the value we assume.
The total width of the velocity distribution for a species X
in a cell j is therefore,
σ2X, j =
kTX, j
mX
+ σ20, (27)
where k is the Boltzmann constant, TX, j is the kinetic tem-
perature of species X in cell j, and mX is the mass of species
X.
The velocity profile dN(X)/du of a species X at a velocity
u is
dN(X)
du
= ∆x
(
pi
2
)1/2 N∑
j=1
n(X)j
σX, j
exp
(
− (u − vX, j)2/2σ2X, j
)
, (28)
where nX, j is the number density of species X in cell j, and
∆x is the physical size of a cell.
Eq. 27 has a species specific temperature, TX for the
possibility of ions being out of thermal equilibrium with
the neutral species. Ion-neutral scattering will heat the ions
to a temperature where heat transfer to and from the ions
(Draine 1986a) vanishes,
Ti ≈ T+AD + 13kmnv
2
d (29)
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Figure 7. Left: The joint probability density function of gas temperature T and ion-neutral drift velocity vd (see Secs. 2.2 and 3). The
white contours contain 50%, 90%, and 99.9% of the CH+. This is true for the contours across the other columns as well. Middle: Joint
PDF for temperature and density nH. The scatter above the density dependent equilibrium is due to additional heating due to shear
viscosity, shock heating (in the case of b0.5 and b4.5), and ambipolar diffusion. Right: Joint PDF for vd and nH. The temperatures
plotted here are those referred to as T+AD in the text; that is, they include ambipolar diffusion heating in their determination.
where mn is the mean mass of the neutrals (see Tab. 1), and
k is the Boltzmann constant.
Constructing these velocity profiles for CH+ and H2 in
our simulations (Fig. 12), we see that the CH+ is consis-
tently broader than the H2 velocity profiles. As well, we of-
ten see multiple components of CH+, sometimes separated
by 10 km/s. For neutral line profiles, while we do see multi-
ple components, as σ3D ≈ 4 km/s, we do not see component
separations of more than a few km/s.
6.4 H2 rotational line emission, 0-0 S (n)
Figure 13 shows the intensity of H2 rotational emission lines
0-0 S (n) from n = 0 through n = 8 in each of our simulations,
computed using the temperature T+AD. As is the case with all
of our analysis in this paper, we exclude regions where the
ion-neutral drift velocity exceeds 5 km/s. The higher field
strength simulations (b4.5 and b4.5-iso) exhibit a notably
higher level of emission compared to the low field strength
simulations (b0.5 and b0.5-iso), especially at higher n. Even
with the obvious enhancement of the line intensities from
the ambipolar diffusion heating, we still do not reach the line
intensities seen by Ingalls et al. (2011) at four positions on
the high-latitude translucent cloud Dcld 300.2-16.9. Other
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lak et al. (2008b). The high magnetic field strength simulations,
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Figure 9. Joint histograms of the column density of CH+ and NH.
The white data points are from Weselak et al. (2008b). Contours
reflect the levels of the PDF every 1/2 dex. Our b4.5 model does
seem to reproduce the abundances seen in Weselak et al. (2008b).
However, it should be noted that we have omitted CH+ in regions
where the ion-neutral drift velocity vd exceeds 5 km/s.
excitation mechanisms appear to be necessary to explain the
Ingalls et al. (2011) intensities. However, our simulations do
largely agree with other data. In Fig. 13, we also plot median
values of the intensity of 0-0 S (0), S (1), and S (2) of data
taken from both Wakker (2006) and Gillmon et al. (2006)
towards AGN. As well, the data in Fig. 10 from Lambert
& Danks (1986b), Spitzer Jr et al. (1974), and Frisch &
Jura (1980) show remarkable agreement with both of our
simulations.
All of our simulations exhibit a correlation between NCH+
lo
g
1
0
N
C
H
+
[c
m
 
2
]
<latexit sha1_base64="P/3Icu4KVfp2hUSIkMhI8kpIJ5k=">AAACD3icbZDLSsNAFIYn9VbrrerSzWBRBLEkRdBlsZuupIK9QJKGyXTSDp1JwsxEKCFv4MZXceNCEbdu3fk2TtsstPWHgY//nMOZ8/sxo1KZ5rdRWFldW98obpa2tnd298r7Bx0ZJQKTNo5YJHo+koTRkLQVVYz0YkEQ9xnp+uPGtN59IELSKLxXk5i4HA1DGlCMlLa88qnDoqGXWmZ266WpIzhsNLP+eWbPGPOsn17UMtcrV8yqORNcBiuHCsjV8spfziDCCSehwgxJaVtmrNwUCUUxI1nJSSSJER6jIbE1hogT6aazezJ4op0BDCKhX6jgzP09kSIu5YT7upMjNZKLtan5X81OVHDtpjSME0VCPF8UJAyqCE7DgQMqCFZsogFhQfVfIR4hgbDSEZZ0CNbiycvQqVUts2rdXVbqN3kcRXAEjsEZsMAVqIMmaIE2wOARPINX8GY8GS/Gu/Exby0Y+cwh+CPj8wctnpwZ</latexit><latexit sha1_base64="P/3Icu4KVfp2hUSIkMhI8kpIJ5k=">AAACD3icbZDLSsNAFIYn9VbrrerSzWBRBLEkRdBlsZuupIK9QJKGyXTSDp1JwsxEKCFv4MZXceNCEbdu3fk2TtsstPWHgY//nMOZ8/sxo1KZ5rdRWFldW98obpa2tnd298r7Bx0ZJQKTNo5YJHo+koTRkLQVVYz0YkEQ9xnp+uPGtN59IELSKLxXk5i4HA1DGlCMlLa88qnDoqGXWmZ266WpIzhsNLP+eWbPGPOsn17UMtcrV8yqORNcBiuHCsjV8spfziDCCSehwgxJaVtmrNwUCUUxI1nJSSSJER6jIbE1hogT6aazezJ4op0BDCKhX6jgzP09kSIu5YT7upMjNZKLtan5X81OVHDtpjSME0VCPF8UJAyqCE7DgQMqCFZsogFhQfVfIR4hgbDSEZZ0CNbiycvQqVUts2rdXVbqN3kcRXAEjsEZsMAVqIMmaIE2wOARPINX8GY8GS/Gu/Exby0Y+cwh+CPj8wctnpwZ</latexit><latexit sha1_base64="P/3Icu4KVfp2hUSIkMhI8kpIJ5k=">AAACD3icbZDLSsNAFIYn9VbrrerSzWBRBLEkRdBlsZuupIK9QJKGyXTSDp1JwsxEKCFv4MZXceNCEbdu3fk2TtsstPWHgY//nMOZ8/sxo1KZ5rdRWFldW98obpa2tnd298r7Bx0ZJQKTNo5YJHo+koTRkLQVVYz0YkEQ9xnp+uPGtN59IELSKLxXk5i4HA1DGlCMlLa88qnDoqGXWmZ266WpIzhsNLP+eWbPGPOsn17UMtcrV8yqORNcBiuHCsjV8spfziDCCSehwgxJaVtmrNwUCUUxI1nJSSSJER6jIbE1hogT6aazezJ4op0BDCKhX6jgzP09kSIu5YT7upMjNZKLtan5X81OVHDtpjSME0VCPF8UJAyqCE7DgQMqCFZsogFhQfVfIR4hgbDSEZZ0CNbiycvQqVUts2rdXVbqN3kcRXAEjsEZsMAVqIMmaIE2wOARPINX8GY8GS/Gu/Exby0Y+cwh+CPj8wctnpwZ</latexit><latexit sha1_base64="P/3Icu4KVfp2hUSIkMhI8kpIJ5k=">AAACD3icbZDLSsNAFIYn9VbrrerSzWBRBLEkRdBlsZuupIK9QJKGyXTSDp1JwsxEKCFv4MZXceNCEbdu3fk2TtsstPWHgY//nMOZ8/sxo1KZ5rdRWFldW98obpa2tnd298r7Bx0ZJQKTNo5YJHo+koTRkLQVVYz0YkEQ9xnp+uPGtN59IELSKLxXk5i4HA1DGlCMlLa88qnDoqGXWmZ266WpIzhsNLP+eWbPGPOsn17UMtcrV8yqORNcBiuHCsjV8spfziDCCSehwgxJaVtmrNwUCUUxI1nJSSSJER6jIbE1hogT6aazezJ4op0BDCKhX6jgzP09kSIu5YT7upMjNZKLtan5X81OVHDtpjSME0VCPF8UJAyqCE7DgQMqCFZsogFhQfVfIR4hgbDSEZZ0CNbiycvQqVUts2rdXVbqN3kcRXAEjsEZsMAVqIMmaIE2wOARPINX8GY8GS/Gu/Exby0Y+cwh+CPj8wctnpwZ</latexit>
log10 I(H2)[10
 8 erg/s/cm2/sr]
<latexit sha1_base64="QgHKfZO99uqn0mlgwwI8+VKfT6w=">AAACJXicbZDLSsNAFIYn9VbrrerSzWARKmibF MEuXBTd1F0Fe4EmDZPptB06k4SZiVBCXsaNr+LGhUUEV76K07QLbf1h4Oc753Dm/F7IqFSm+WVk1tY3Nrey27md3b39g/zhUUsGkcCkiQMWiI6HJGHUJ01FFSOdUBDEPUba3vhuVm8/ESFp4D+qSUgcjoY+HVCMlEZu/sZmwdCNLTO5L8 a24LCeuJXzrmX24stqYl+kjIhhWZYxT3pxJUlJWYrEybn5glkyU8FVYy1MASzUcPNTux/giBNfYYak1HtC5cRIKIoZSXJ2JEmI8BgNSVdbH3EinTi9MoFnmvThIBD6+Qqm9PdEjLiUE+7pTo7USC7XZvC/WjdSg6oTUz+MFPHxfNEgYlA FcBYZ7FNBsGITbRAWVP8V4hESCCsd7CwEa/nkVdOqlCyzZD1cFWq3iziy4AScgiKwwDWogTpogCbA4Bm8gncwNV6MN+PD+Jy3ZozFzDH4I+P7B+Hco6Y=</latexit><latexit sha1_base64="QgHKfZO99uqn0mlgwwI8+VKfT6w=">AAACJXicbZDLSsNAFIYn9VbrrerSzWARKmibF MEuXBTd1F0Fe4EmDZPptB06k4SZiVBCXsaNr+LGhUUEV76K07QLbf1h4Oc753Dm/F7IqFSm+WVk1tY3Nrey27md3b39g/zhUUsGkcCkiQMWiI6HJGHUJ01FFSOdUBDEPUba3vhuVm8/ESFp4D+qSUgcjoY+HVCMlEZu/sZmwdCNLTO5L8 a24LCeuJXzrmX24stqYl+kjIhhWZYxT3pxJUlJWYrEybn5glkyU8FVYy1MASzUcPNTux/giBNfYYak1HtC5cRIKIoZSXJ2JEmI8BgNSVdbH3EinTi9MoFnmvThIBD6+Qqm9PdEjLiUE+7pTo7USC7XZvC/WjdSg6oTUz+MFPHxfNEgYlA FcBYZ7FNBsGITbRAWVP8V4hESCCsd7CwEa/nkVdOqlCyzZD1cFWq3iziy4AScgiKwwDWogTpogCbA4Bm8gncwNV6MN+PD+Jy3ZozFzDH4I+P7B+Hco6Y=</latexit><latexit sha1_base64="QgHKfZO99uqn0mlgwwI8+VKfT6w=">AAACJXicbZDLSsNAFIYn9VbrrerSzWARKmibF MEuXBTd1F0Fe4EmDZPptB06k4SZiVBCXsaNr+LGhUUEV76K07QLbf1h4Oc753Dm/F7IqFSm+WVk1tY3Nrey27md3b39g/zhUUsGkcCkiQMWiI6HJGHUJ01FFSOdUBDEPUba3vhuVm8/ESFp4D+qSUgcjoY+HVCMlEZu/sZmwdCNLTO5L8 a24LCeuJXzrmX24stqYl+kjIhhWZYxT3pxJUlJWYrEybn5glkyU8FVYy1MASzUcPNTux/giBNfYYak1HtC5cRIKIoZSXJ2JEmI8BgNSVdbH3EinTi9MoFnmvThIBD6+Qqm9PdEjLiUE+7pTo7USC7XZvC/WjdSg6oTUz+MFPHxfNEgYlA FcBYZ7FNBsGITbRAWVP8V4hESCCsd7CwEa/nkVdOqlCyzZD1cFWq3iziy4AScgiKwwDWogTpogCbA4Bm8gncwNV6MN+PD+Jy3ZozFzDH4I+P7B+Hco6Y=</latexit><latexit sha1_base64="QgHKfZO99uqn0mlgwwI8+VKfT6w=">AAACJXicbZDLSsNAFIYn9VbrrerSzWARKmibF MEuXBTd1F0Fe4EmDZPptB06k4SZiVBCXsaNr+LGhUUEV76K07QLbf1h4Oc753Dm/F7IqFSm+WVk1tY3Nrey27md3b39g/zhUUsGkcCkiQMWiI6HJGHUJ01FFSOdUBDEPUba3vhuVm8/ESFp4D+qSUgcjoY+HVCMlEZu/sZmwdCNLTO5L8 a24LCeuJXzrmX24stqYl+kjIhhWZYxT3pxJUlJWYrEybn5glkyU8FVYy1MASzUcPNTux/giBNfYYak1HtC5cRIKIoZSXJ2JEmI8BgNSVdbH3EinTi9MoFnmvThIBD6+Qqm9PdEjLiUE+7pTo7USC7XZvC/WjdSg6oTUz+MFPHxfNEgYlA FcBYZ7FNBsGITbRAWVP8V4hESCCsd7CwEa/nkVdOqlCyzZD1cFWq3iziy4AScgiKwwDWogTpogCbA4Bm8gncwNV6MN+PD+Jy3ZozFzDH4I+P7B+Hco6Y=</latexit>
Figure 10. Joint histograms of the column density of CH+ and
the total intensity in H2 rotational line emission, I(H2). A strong
correlation exists between the two quantities at higher column
densities of CH+. The points are collated from Lambert & Danks
(1986b) (CH+), Spitzer Jr et al. (1974) and Frisch & Jura (1980)
(H2) and represent lines of sight towards various stars.
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Figure 11. Joint probability densities of the (log) magnetic field
at each position in our simulations versus the (log) density of
hydrogen nuclei. Contours represent 50%, 90% and 99.9% of the
CH+ in the volume. The dashed line represents the scaling B ∝ √ρ.
For B0 = 0.5µG simulations where most of the field strength is gen-
erated by the turbulence and MA ≈ 3 (b0.5, b0.5-iso), the scaling
B ∝ √ρ is approximately followed, albeit with large scatter. How-
ever, for B0 = 4.5µG simulations with MA ≈ 1 (b4.5 and b4.5-iso),
there is not much dependence of the magnetic field on density.
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Vlos[km/s]
<latexit sha1_base64="niq/YYCK2EHkMvDV+XxO J/iFVbo=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJkOm2HziXMTIQSsnLjq7hx oYhbn8Gdb+M0zUJbfxj4+M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3raJkqTNpYMqm6MdKEUUHahh pGuokiiMeM3Mfj62n9/oEoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP8tACdh5Fb9xpeIbgIfgl1 UKoVuV+9vsQpJ8JghrQOfC8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw8HUtknDCzc3xMZ4lpPeG w7OTIjPV+bmv/VgtQMLsOMiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmEjU2uZkPw509ehM5Zw/ca /u15vXlVxlEFB+AInAAfXIAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5Hz+AEX1mPs=</latexit><latexit sha1_base64="niq/YYCK2EHkMvDV+XxO J/iFVbo=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJkOm2HziXMTIQSsnLjq7hx oYhbn8Gdb+M0zUJbfxj4+M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3raJkqTNpYMqm6MdKEUUHahh pGuokiiMeM3Mfj62n9/oEoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP8tACdh5Fb9xpeIbgIfgl1 UKoVuV+9vsQpJ8JghrQOfC8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw8HUtknDCzc3xMZ4lpPeG w7OTIjPV+bmv/VgtQMLsOMiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmEjU2uZkPw509ehM5Zw/ca /u15vXlVxlEFB+AInAAfXIAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5Hz+AEX1mPs=</latexit><latexit sha1_base64="niq/YYCK2EHkMvDV+XxO J/iFVbo=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJkOm2HziXMTIQSsnLjq7hx oYhbn8Gdb+M0zUJbfxj4+M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3raJkqTNpYMqm6MdKEUUHahh pGuokiiMeM3Mfj62n9/oEoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP8tACdh5Fb9xpeIbgIfgl1 UKoVuV+9vsQpJ8JghrQOfC8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw8HUtknDCzc3xMZ4lpPeG w7OTIjPV+bmv/VgtQMLsOMiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmEjU2uZkPw509ehM5Zw/ca /u15vXlVxlEFB+AInAAfXIAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5Hz+AEX1mPs=</latexit><latexit sha1_base64="niq/YYCK2EHkMvDV+XxO J/iFVbo=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJkOm2HziXMTIQSsnLjq7hx oYhbn8Gdb+M0zUJbfxj4+M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3raJkqTNpYMqm6MdKEUUHahh pGuokiiMeM3Mfj62n9/oEoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP8tACdh5Fb9xpeIbgIfgl1 UKoVuV+9vsQpJ8JghrQOfC8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw8HUtknDCzc3xMZ4lpPeG w7OTIjPV+bmv/VgtQMLsOMiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmEjU2uZkPw509ehM5Zw/ca /u15vXlVxlEFB+AInAAfXIAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5Hz+AEX1mPs=</latexit>
Vlos[km/s]
<latexit sha1_base64= "niq/YYCK2EHkMvDV+XxOJ/iFVbo=">AAACBnicbZ DLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJ kOm2HziXMTIQSsnLjq7hxoYhbn8Gdb+M0zUJbfxj4 +M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3ra JkqTNpYMqm6MdKEUUHahhpGuokiiMeM3Mfj62n9/o EoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP 8tACdh5Fb9xpeIbgIfgl1UKoVuV+9vsQpJ8JghrQOf C8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw 8HUtknDCzc3xMZ4lpPeGw7OTIjPV+bmv/VgtQMLsO MiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmE jU2uZkPw509ehM5Zw/ca/u15vXlVxlEFB+AInAAfX IAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5H z+AEX1mPs=</latexit><latexit sha1_base64= "niq/YYCK2EHkMvDV+XxOJ/iFVbo=">AAACBnicbZ DLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJ kOm2HziXMTIQSsnLjq7hxoYhbn8Gdb+M0zUJbfxj4 +M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3ra JkqTNpYMqm6MdKEUUHahhpGuokiiMeM3Mfj62n9/o EoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP 8tACdh5Fb9xpeIbgIfgl1UKoVuV+9vsQpJ8JghrQOf C8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw 8HUtknDCzc3xMZ4lpPeGw7OTIjPV+bmv/VgtQMLsO MiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmE jU2uZkPw509ehM5Zw/ca/u15vXlVxlEFB+AInAAfX IAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5H z+AEX1mPs=</latexit><latexit sha1_base64= "niq/YYCK2EHkMvDV+XxOJ/iFVbo=">AAACBnicbZ DLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJ kOm2HziXMTIQSsnLjq7hxoYhbn8Gdb+M0zUJbfxj4 +M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3ra JkqTNpYMqm6MdKEUUHahhpGuokiiMeM3Mfj62n9/o EoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP 8tACdh5Fb9xpeIbgIfgl1UKoVuV+9vsQpJ8JghrQOf C8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw 8HUtknDCzc3xMZ4lpPeGw7OTIjPV+bmv/VgtQMLsO MiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmE jU2uZkPw509ehM5Zw/ca/u15vXlVxlEFB+AInAAfX IAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5H z+AEX1mPs=</latexit><latexit sha1_base64= "niq/YYCK2EHkMvDV+XxOJ/iFVbo=">AAACBnicbZ DLSsNAFIYn9VbrLepShMEiuKqJCLosunFZwdZCGsJ kOm2HziXMTIQSsnLjq7hxoYhbn8Gdb+M0zUJbfxj4 +M85nDl/nDCqjed9O5Wl5ZXVtep6bWNza3vH3d3ra JkqTNpYMqm6MdKEUUHahhpGuokiiMeM3Mfj62n9/o EoTaW4M5OEhBwNBR1QjIy1IvewE2U9xSGTOg8KGvP 8tACdh5Fb9xpeIbgIfgl1UKoVuV+9vsQpJ8JghrQOf C8xYYaUoZiRvNZLNUkQHqMhCSwKxIkOs+KMHB5bpw 8HUtknDCzc3xMZ4lpPeGw7OTIjPV+bmv/VgtQMLsO MiiQ1RODZokHKoJFwmgnsU0WwYRMLCCtq/wrxCCmE jU2uZkPw509ehM5Zw/ca/u15vXlVxlEFB+AInAAfX IAmuAEt0AYYPIJn8ArenCfnxXl3PmatFaec2Qd/5H z+AEX1mPs=</latexit>
6⇥ 1012 cm 2 km 1 s
<latexit sha1_base64="7kZ1wWGifarnu5YrmLyasOdEIT8=">AAACH3i cbVDLSgMxFM3UV62vUZdugkVwoWVSpLosunFZwT6gMy2ZNNOGJjNDkhHKMH/ixl9x40IRcde/MX0o2nogcM6595J7jx9zprTjjK3cyura+kZ+s7C1vbO7 Z+8fNFSUSELrJOKRbPlYUc5CWtdMc9qKJcXC57TpD28m9eYDlYpF4b0exdQTuB+ygBGsjdW1KxVXM0EVRE4nReXMPUtdKSARWSc9/5HDqUTfUmVdu+iUn CngMkFzUgRz1Lr2p9uLSCJoqAnHSrWRE2svxVIzwmlWcBNFY0yGuE/bhobY7OSl0/syeGKcHgwiaV6o4dT9PZFiodRI+KZTYD1Qi7WJ+V+tnejgyktZGC eahmT2UZBwqCM4CQv2mKRE85EhmEhmdoVkgCUm2kRaMCGgxZOXSaNcQk4J3V0Uq9fzOPLgCByDU4DAJaiCW1ADdUDAI3gGr+DNerJerHfrY9aas+Yzh+ APrPEXGnmhyg==</latexit><latexit sha1_base64="7kZ1wWGifarnu5YrmLyasOdEIT8=">AAACH3i cbVDLSgMxFM3UV62vUZdugkVwoWVSpLosunFZwT6gMy2ZNNOGJjNDkhHKMH/ixl9x40IRcde/MX0o2nogcM6595J7jx9zprTjjK3cyura+kZ+s7C1vbO7 Z+8fNFSUSELrJOKRbPlYUc5CWtdMc9qKJcXC57TpD28m9eYDlYpF4b0exdQTuB+ygBGsjdW1KxVXM0EVRE4nReXMPUtdKSARWSc9/5HDqUTfUmVdu+iUn CngMkFzUgRz1Lr2p9uLSCJoqAnHSrWRE2svxVIzwmlWcBNFY0yGuE/bhobY7OSl0/syeGKcHgwiaV6o4dT9PZFiodRI+KZTYD1Qi7WJ+V+tnejgyktZGC eahmT2UZBwqCM4CQv2mKRE85EhmEhmdoVkgCUm2kRaMCGgxZOXSaNcQk4J3V0Uq9fzOPLgCByDU4DAJaiCW1ADdUDAI3gGr+DNerJerHfrY9aas+Yzh+ APrPEXGnmhyg==</latexit><latexit sha1_base64="7kZ1wWGifarnu5YrmLyasOdEIT8=">AAACH3i cbVDLSgMxFM3UV62vUZdugkVwoWVSpLosunFZwT6gMy2ZNNOGJjNDkhHKMH/ixl9x40IRcde/MX0o2nogcM6595J7jx9zprTjjK3cyura+kZ+s7C1vbO7 Z+8fNFSUSELrJOKRbPlYUc5CWtdMc9qKJcXC57TpD28m9eYDlYpF4b0exdQTuB+ygBGsjdW1KxVXM0EVRE4nReXMPUtdKSARWSc9/5HDqUTfUmVdu+iUn CngMkFzUgRz1Lr2p9uLSCJoqAnHSrWRE2svxVIzwmlWcBNFY0yGuE/bhobY7OSl0/syeGKcHgwiaV6o4dT9PZFiodRI+KZTYD1Qi7WJ+V+tnejgyktZGC eahmT2UZBwqCM4CQv2mKRE85EhmEhmdoVkgCUm2kRaMCGgxZOXSaNcQk4J3V0Uq9fzOPLgCByDU4DAJaiCW1ADdUDAI3gGr+DNerJerHfrY9aas+Yzh+ APrPEXGnmhyg==</latexit><latexit sha1_base64="7kZ1wWGifarnu5YrmLyasOdEIT8=">AAACH3i cbVDLSgMxFM3UV62vUZdugkVwoWVSpLosunFZwT6gMy2ZNNOGJjNDkhHKMH/ixl9x40IRcde/MX0o2nogcM6595J7jx9zprTjjK3cyura+kZ+s7C1vbO7 Z+8fNFSUSELrJOKRbPlYUc5CWtdMc9qKJcXC57TpD28m9eYDlYpF4b0exdQTuB+ygBGsjdW1KxVXM0EVRE4nReXMPUtdKSARWSc9/5HDqUTfUmVdu+iUn CngMkFzUgRz1Lr2p9uLSCJoqAnHSrWRE2svxVIzwmlWcBNFY0yGuE/bhobY7OSl0/syeGKcHgwiaV6o4dT9PZFiodRI+KZTYD1Qi7WJ+V+tnejgyktZGC eahmT2UZBwqCM4CQv2mKRE85EhmEhmdoVkgCUm2kRaMCGgxZOXSaNcQk4J3V0Uq9fzOPLgCByDU4DAJaiCW1ADdUDAI3gGr+DNerJerHfrY9aas+Yzh+ APrPEXGnmhyg==</latexit>
dN(CH+)
dVlos
<latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNS gMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFp XU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5o Ykv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35 n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="UoQ86z3I9zPLDZ9SaG7qkF7Hax4=">AAACDXicbZBLS wMxFIXv1FetVUe3boJFqAh1xo0uhW66kgr2Ae04ZDKZNjTzIMkIZZif4ca/4saFIm7d+W9MpxW09UDg45yEm3u8hDOpLOvLKK2tb2xulbcrO9XdvX3zoNqVcSoI7ZCYx6 LvYUk5i2hHMcVpPxEUhx6nPW/SnOW9Byoki6M7NU2oE+JRxAJGsNKWa54PA4FJlg1FiPz8pl5As5Xfn53mP27XLYDHMs9ds2Y1rEJoFewF1GChtmt+Dv2YpCGNFOFYyoFt JcrJsFCMcJpXhqmkCSYTPKIDjREOqXSyYrEcnWjHR0Es9IkUKtzfLzIcSjkNPX0zxGosl7OZ+V82SFVw5WQsSlJFIzIfFKQcqRjNWkI+E5QoPtWAiWD6r4iMsW5K6S4ru gR7eeVV6F40bKth31pQhiM4hjrYcAnX0II2dIDAIzzDK7wZT8aL8T6vq2QsejuEPzI+vgHbeZ6w</latexit><latexit sha1_base64="UoQ86z3I9zPLDZ9SaG7qkF7Hax4=">AAACDXicbZBLS wMxFIXv1FetVUe3boJFqAh1xo0uhW66kgr2Ae04ZDKZNjTzIMkIZZif4ca/4saFIm7d+W9MpxW09UDg45yEm3u8hDOpLOvLKK2tb2xulbcrO9XdvX3zoNqVcSoI7ZCYx6 LvYUk5i2hHMcVpPxEUhx6nPW/SnOW9Byoki6M7NU2oE+JRxAJGsNKWa54PA4FJlg1FiPz8pl5As5Xfn53mP27XLYDHMs9ds2Y1rEJoFewF1GChtmt+Dv2YpCGNFOFYyoFt JcrJsFCMcJpXhqmkCSYTPKIDjREOqXSyYrEcnWjHR0Es9IkUKtzfLzIcSjkNPX0zxGosl7OZ+V82SFVw5WQsSlJFIzIfFKQcqRjNWkI+E5QoPtWAiWD6r4iMsW5K6S4ru gR7eeVV6F40bKth31pQhiM4hjrYcAnX0II2dIDAIzzDK7wZT8aL8T6vq2QsejuEPzI+vgHbeZ6w</latexit><latexit sha1_base64="X4NYGnInYccx+vH2YJZ9zKqOjBg=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJN3Oiy2E1XUsFeoIlhMp20gzNJmJkIJeQx3Pgqblwo4rY738ZpGkFbfxj4+M85nDm/HzMqlWV9GaWV1bX1jfJmZWt7Z3fP3D/oyigRmHRwxC LR95EkjIako6hipB8LgrjPSM9/aM7qvUciJI3COzWJicvRKKQBxUhpyzPPnUAgnKaO4HCY3dRyaLay+7PT7MftejmwSGaZZ1atupULLoNdQBUUanvm1BlGOOEkVJghKQe2 FSs3RUJRzEhWcRJJYoQf0IgMNIaIE+mm+WEZPNHOEAaR0C9UMHd/T6SISznhvu7kSI3lYm1m/lcbJCq4clMaxokiIZ4vChIGVQRnKcEhFQQrNtGAsKD6rxCPkU5K6SwrO gR78eRl6F7Ubatu31rVxnURRxkcgWNQAza4BA3QAm3QARg8gRfwBt6NZ+PV+DA+560lo5g5BH9kTL8BuaugLw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit><latexit sha1_base64="G2uCT4XwOyBFFWWB52Ax8LsUfik=">AAACGHicbZDLS sNAFIYn9VbrLerSzWARKkJNRNBlsZuupIK9QBPDZDJph04uzEyEEvIYbnwVNy4Ucdudb+M0jaCtPwx8/OcczpzfjRkV0jC+tNLK6tr6RnmzsrW9s7un7x90RZRwTDo4Yh Hvu0gQRkPSkVQy0o85QYHLSM8dN2f13iPhgkbhvZzExA7QMKQ+xUgqy9HPLZ8jnKYWD6CX3dZyaLayh7PT7MftOjmwSGSZo1eNupELLoNZQBUUajv61PIinAQklJghIQam EUs7RVxSzEhWsRJBYoTHaEgGCkMUEGGn+WEZPFGOB/2IqxdKmLu/J1IUCDEJXNUZIDkSi7WZ+V9tkEj/2k5pGCeShHi+yE8YlBGcpQQ9ygmWbKIAYU7VXyEeIZWUVFlWV Ajm4snL0L2om0bdvLusNm6KOMrgCByDGjDBFWiAFmiDDsDgCbyAN/CuPWuv2of2OW8tacXMIfgjbfoNuuugMw==</latexit>
dN(H2)
dVlos<latexit sha1_base64="aq5oM2p9+ FN3G3wcpd00Ob7vofI=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxC3YSkCLos uulKKtgLtCFMJpN26EwSZiZCCXkLN76KGxeKuNWdb+M0jaCtPwx8/OcczpzfT xiVyra/jJXVtfWNzcpWdXtnd2/fPDjsyjgVmHRwzGLR95EkjEako6hipJ8Igr jPSM+fXM/qvXsiJI2jOzVNiMvRKKIhxUhpyzOtYSgQzrKh4DDIb+oFtHKvcZb /mF2vABbLPPfMmm3ZheAyOCXUQKm2Z34OgxinnEQKMyTlwLET5WZIKIoZyavD VJIE4QkakYHGCHEi3ay4K4en2glgGAv9IgUL9/dEhriUU+7rTo7UWC7WZuZ/t UGqwks3o1GSKhLh+aIwZVDFcBYSDKggWLGpBoQF1X+FeIx0UEpHWdUhOIsnL0 O3YTm25dye15pXZRwVcAxOQB044AI0QQu0QQdg8ACewAt4NR6NZ+PNeJ+3rh jlzBH4I+PjGy6Pn+4=</latexit><latexit sha1_base64="aq5oM2p9+ FN3G3wcpd00Ob7vofI=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxC3YSkCLos uulKKtgLtCFMJpN26EwSZiZCCXkLN76KGxeKuNWdb+M0jaCtPwx8/OcczpzfT xiVyra/jJXVtfWNzcpWdXtnd2/fPDjsyjgVmHRwzGLR95EkjEako6hipJ8Igr jPSM+fXM/qvXsiJI2jOzVNiMvRKKIhxUhpyzOtYSgQzrKh4DDIb+oFtHKvcZb /mF2vABbLPPfMmm3ZheAyOCXUQKm2Z34OgxinnEQKMyTlwLET5WZIKIoZyavD VJIE4QkakYHGCHEi3ay4K4en2glgGAv9IgUL9/dEhriUU+7rTo7UWC7WZuZ/t UGqwks3o1GSKhLh+aIwZVDFcBYSDKggWLGpBoQF1X+FeIx0UEpHWdUhOIsnL0 O3YTm25dye15pXZRwVcAxOQB044AI0QQu0QQdg8ACewAt4NR6NZ+PNeJ+3rh jlzBH4I+PjGy6Pn+4=</latexit><latexit sha1_base64="aq5oM2p9+ FN3G3wcpd00Ob7vofI=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxC3YSkCLos uulKKtgLtCFMJpN26EwSZiZCCXkLN76KGxeKuNWdb+M0jaCtPwx8/OcczpzfT xiVyra/jJXVtfWNzcpWdXtnd2/fPDjsyjgVmHRwzGLR95EkjEako6hipJ8Igr jPSM+fXM/qvXsiJI2jOzVNiMvRKKIhxUhpyzOtYSgQzrKh4DDIb+oFtHKvcZb /mF2vABbLPPfMmm3ZheAyOCXUQKm2Z34OgxinnEQKMyTlwLET5WZIKIoZyavD VJIE4QkakYHGCHEi3ay4K4en2glgGAv9IgUL9/dEhriUU+7rTo7UWC7WZuZ/t UGqwks3o1GSKhLh+aIwZVDFcBYSDKggWLGpBoQF1X+FeIx0UEpHWdUhOIsnL0 O3YTm25dye15pXZRwVcAxOQB044AI0QQu0QQdg8ACewAt4NR6NZ+PNeJ+3rh jlzBH4I+PjGy6Pn+4=</latexit><latexit sha1_base64="aq5oM2p9+ FN3G3wcpd00Ob7vofI=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxC3YSkCLos uulKKtgLtCFMJpN26EwSZiZCCXkLN76KGxeKuNWdb+M0jaCtPwx8/OcczpzfT xiVyra/jJXVtfWNzcpWdXtnd2/fPDjsyjgVmHRwzGLR95EkjEako6hipJ8Igr jPSM+fXM/qvXsiJI2jOzVNiMvRKKIhxUhpyzOtYSgQzrKh4DDIb+oFtHKvcZb /mF2vABbLPPfMmm3ZheAyOCXUQKm2Z34OgxinnEQKMyTlwLET5WZIKIoZyavD VJIE4QkakYHGCHEi3ay4K4en2glgGAv9IgUL9/dEhriUU+7rTo7UWC7WZuZ/t UGqwks3o1GSKhLh+aIwZVDFcBYSDKggWLGpBoQF1X+FeIx0UEpHWdUhOIsnL0 O3YTm25dye15pXZRwVcAxOQB044AI0QQu0QQdg8ACewAt4NR6NZ+PNeJ+3rh jlzBH4I+PjGy6Pn+4=</latexit>
dN(CH+)
dVlos
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Figure 12. Left: Line-of-sight velocity profiles for H2 molecules and CH+ molecules computed looking across the mean magnetic field.
These are for the simulation b4.5 (see Tab. 2). The vertical offset increases linearly with a coordinate perpendicular to the line of sight
and B0. For scale, two green bars are provided to indicate the height of the profiles. In all panels, color is simply shows progression from
one side of the simulation to the other. Right: The same, but computed looking along B0. The scales are the same as the corresponding
scale bars on the left. We see considerable diversity among the CH+ line profiles, and no obvious correlation with the H2 profiles. The
CH+ profiles are also consistently wider, with a width ∼ 10 km/s, while the H2 only has a width of at most a few km/s.
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Figure 13. The intensity of each of eight rotational transitions
in each of our simulations. The error bars represent 16th and
84th percentiles of the distribution, with the point plotted at the
median. The isothermal simulations (after post-processing) look
remarkably similar to the non-isothermal simulations. The green
points are median values calculated from FUSE observations of
AGN behind diffuse H2 with 1019 < N(H2) < 1020cm−2 (Wakker
2006; Gillmon et al. 2006); these sightlines have lower NH than
the typical sightlines in our simulations, and are thus expected to
differ in intensity by a factor of a few from our simulations. Addi-
tional excitation mechanisms appear to be needed to explain the
high intensities observed by Ingalls et al. (2011) for the translu-
cent cloud DCld300.2-16.9.
and I(H2), as is shown in Fig. 10. In our high field strength
simulations, b4.5 and b4.5-iso, there is a relatively strong
correlation between I(H2) and NCH+ , with only ≈ 1 dex of
scatter in log10 NCH+ for any given log10 I(H2). However, at
low field strengths, as in b0.5 and b0.5-iso, this correlation
is only apparent at higher values of I(H2), with the corre-
lation disappearing when I(H2) . a few × 10−8erg/s/sr/cm2.
As the velocity dispersions σ3D are similar across both field
strengths, the explanation for the difference between the
joint NCH+ vs. I(H2) histograms must lie in their differing
ion-neutral drift velocity distributions.
In Fig. 10, we also plot six lines of sight towards various
stars, with CH+ column densities from Lambert & Danks
(1986b) and I(H2) computed using column densities of the
v = 0, J = 2, 3, 4 states of H2 published in Spitzer Jr et al.
(1974) and Frisch & Jura (1980). These observations agree
much better with our simulation data than those from In-
galls et al. (2011). It may be that the Ingalls et al. (2011)
cloud is in some way atypical compared to these other sim-
ulations.
The higher ion-neutral drift velocities present in our
simulations b4.5 and b4.5-iso produce higher values of T+AD
compared to our low field strength simulations. Higher val-
ues of T+AD mean higher values of I(H2). Higher values of
T+AD also mean higher values of CH+, but as we stated, the
drift velocity dependent component of Teff is much more im-
portant to CH+ than T+AD.
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Figure 14. The Pearson correlation coefficient R between 〈Q〉σ
and Q˜ versus σ for our simulation b0.5 (top) and b4.5 (bottom)
(See Tab. 2). We show these values computed both across (blue)
and along (red) the mean field direction. Red and blue dashed
lines represent the correlation coefficient when computed over a
restricted range of column densities (NH ∈ [1020, 1021] cm−2) that
are more similar to the Planck Collaboration et al. (2018) results.
We also show the Planck results for a 40 arcmin beam if the cloud
were anywhere between 300 pc away (diamond), where they found
R(〈Q〉σ,Q∗) ≈ 0.92 over a wide range of beam sizes and distances.
Note that the correlation coefficient decays more quickly for the
lower field strength/higher Alfve´n Mach number.
6.5 Polarization and the Stokes parameters, Q
and U
To compute the polarization of starlight and thermal emis-
sion due to dust grains along a particular line of sight, we
compute dimensionless quantities Q˜, U˜, and P˜
Q˜z =
∫
dz ρ(B2y − B2x)/B2∫
dz ρ
(30)
U˜z = −2
∫
dz ρByBx/B2∫
dz ρ
(31)
P˜z =
√
U˜2z + Q˜2z , (32)
where Bα denotes the component of the magnetic field along
direction α, and subscripts on each of the Q˜, U˜, and P˜ denote
the axis along which we integrate. The mean field direction
is along x, so the above represent sight-lines perpendicular
to the mean field. When computing these parameters along
the mean field direction, we simply take (x, y, z)→ (y, z, x).
Starlight from a star behind the cloud would have frac-
tional Stokes parameters
(q?, u?) = NdCpol,? falign × (Q˜z, U˜z) (33)
and fractional polarization
p? = (q2? + u
2
?)
1/2 = NdCpol,? falign × P˜z , (34)
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Figure 15. The polarization angle dispersion function S (de-
fined in Sec. 6.5) versus the polarization p averaged over a gaus-
sian beam of FWHM = (1.5 pc)×8 ln 2 (see Eq. B14) for each
of our simulations b0.5 and b4.5 (see Tab. 2), computed both
across the mean field (top) and along it (bottom). We com-
pute S using an annulus of radius of 0.75 pc and a width of
0.75 pc. Planck Collaboration et al. (2015b) found that (approx-
imately) log10 S [
◦] = −0.94 log10 p− 0.39 for polarization p over the
Chamaeleon-Musca field (other fields are similar). We find that
this relationship (white, dashed) is similar to the one our data
exhibits.
where Cpol,? is a starlight polarization cross section, and falign
measures the degree of alignment of dust grains with the
local magnetic field (see Appendix C).
For thermal emission, the Stokes parameters Q and U,
and the polarized intensity P, are directly related to Q˜, U˜,
and P˜, but must also be averaged over a beam: (see Appendix
C):
(〈Q〉σ, 〈U〉σ) = Bν(Td)Cpol falign × (〈NdQ˜〉σ, 〈NdU˜〉σ) (35)
〈P〉σ = Bν(Td)Cpol falign ×
(
〈NdQ˜〉2σ + 〈NdU˜〉2σ
)1/2
, (36)
where 〈...〉σ denotes an average over a beam with beam size
parameter σ, and Bν(Td) is the black-body spectrum of a
dust grain at temperature Td. The fractional polarization is
(see Appendix C)
pσ ≈ CpolC¯ falign
(
〈NdQ˜〉2σ + 〈NdU˜〉2σ
)1/2
〈Nd〉σ . (37)
Planck Collaboration et al. (2018) find that (〈Q〉σ, 〈U〉σ)
and (q?, u?) are highly correlated, with Pearson correlation
coefficient 0.92 for a beam with FWHM=40 arcmin. Planck
Collaboration et al. (2018) also find that the ratio 〈P〉σ/p?
changes minimally when the beam size is varied from 20
arcmin to 80 arcmin.
Fig. 14 shows the Pearson correlation coefficient R be-
tween the beam-averaged 〈Q〉σ and the line-of-sight polar-
ization parameter Q˜, as a function of gaussian beamsize
σ =
FWHM√
8 ln 2
= 1.48 pc
(
FWHM
40′
) (
D
300 pc
)
, (38)
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Figure 16. The probability density functions of P˜ in our simula-
tions. As would be expected, across the field, the higher magnetic
field, lower Alfve´n Mach number simulations have a higher degree
of polarization. Viewed along the field, a pattern is less apparent.
for our b4.5 simulation. The correlation is shown for random
sightlines along the mean field xˆB0, and across xˆB0. We see
that for this simulation, R drops below 0.9 for σ > 0.5 pc. This
contrasts with observations showing R = 0.92 for σ ≈ 1.5 pc
(for a typical distance D ≈ 300 pc to the emitting dust).
In order to study the coherence of the polarization in our
simulations, we examine at the polarization angle dispersion
function S defined by
S (r) ≡
√
1
N
N∑
i=1
[ψ(r) − ψ(r + δi)]2 (39)
where the sum runs over all lines of sight in an annulus of ra-
dius and width 0.75 pc centered around a position r, ψ(r) is
the polarization angle at r, and δi is an offset that puts r+δi
in the aforementioned annulus (Planck Collaboration et al.
2015a). This corresponds roughly to the parameters that
Planck Collaboration et al. (2015a) used for this function
given a beam FWHM of 60 arcmin and an annular radius
and width of 30 arcmin if we place our simulation at a dis-
tance of D ≈ 300 pc. For consistency, we also use a gaussian
beamsize σ = 1.5 pc to compute the angles ψ. Fig. 15 shows
S versus p1.5 pc for our simulations b0.5 and b4.5. To compute
this quantity, we have assumed that Cpol falign/C¯ ≈ 0.24. We
choose this value because 0.24 is the best estimate for the
highest observed level of polarization in Planck Collabora-
tion et al. (2018). Choosing this value for Cpol falign/C¯ ensures
that our computed polarizations are always ≤ 0.24.
This function has the property that completely random
orientations of the polarization yield S ≈ 52◦, explaining the
asymptotic behavior at low p1.5 pc in Fig. 15. Planck Collab-
oration et al. (2015a,b) found an approximate relationship
S ∝ 1/p1.5 pc in both their observational data as well as in a
colliding flow MHD simulation. We also find this relationship
(shown as a white dashed line in Fig. 15) to approximately
hold true for our simulations as well. It is interesting to note
that altering the mean field strength/Alfve´n Mach number
seems to have no effect on this relationship. The relation-
ship also seems unaffected by whether or not we are looking
along or across the mean magnetic field direction.
Given that our four simulations differ in one of two ways
(either field strength or isothermal/non-isothermal), we may
examine the effect that each of those variables has on the
polarization. Firstly, does including heating and cooling pro-
cesses throughout the simulation impact the magnetic field
geometry? Fig. 16 shows probability density functions for
line-of-sight polarization P˜ in each of our simulations for
5122 sight lines, both across and along the mean field.
We see no marked difference between polarization in
simulations run with an isothermal (γ = 1) equation of state
versus simulations run with γ = 5/3 and heating (cosmic ray,
photoelectric emission from dust grains) and cooling (H2,
C+, and O) processes included. This suggests that, for the
purposes of studying polarization, isothermal MHD turbu-
lence is a reasonable approximation, with heating and cool-
ing processes having only a small effect on the PDFs of dust
polarization along lines of sight.
As might have been expected, the higher field strength
simulations exhibit higher values of P˜ (see Fig. 16), with
the difference being most apparent when looking across the
mean field. This makes intuitive sense, as the higher field
strength simulations are only moderately super-Alfve´nic,
with MA & 1. The magnetic field in those simulations is
thus moderately effective at resisting distortions due to the
turbulent motions in the cloud.
When looking down the field, the polarization we see
in all simulations will be due only to a random component
of the magnetic field. As a result, we do not expect to see
polarization levels quite as high looking along the mean field
as looking across the field, nor do we expect as large a differ-
ence between the polarization levels for different magnetic
field strengths. Indeed, this is what we observe in Fig. 16.
7 DISCUSSION
In our simulations, turbulence and the ambipolar diffusion
heating that results from it raise the gas temperature in
low density regions to beyond 1000 K, sufficient to produce
CH+. High ion-neutral drift velocities (Eq. 4) also enhance
the CH+ abundance through increasing the effective reaction
temperature (Eq. 22, see also Fig. 6). As ion-neutral drift
velocities are highest in low-density regions, the CH+ exists
predominantly in regions with nH ∼ 1 cm−3. In some fraction
of the volume, these drift velocities exceed 5 km/s, and so
have an ambipolar diffusion Reynolds number RAD . 1. As
ambipolar diffusion is important to the dynamics in those
regions but we have not properly included it in the dynam-
ics, we have excluded these regions when calculating CH+
formation and H2 line emission in our models. This is an im-
portant caveat of our results, as the details of these regions
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could be very important to both the CH+ abundance and
the H2 rotational line emission (see Fig. 2).
Our simulations include sight-lines where NH . 1021 cm−2
and NCH+ & 1013 cm−2 (see Fig. 9. Such sight-lines are not seen
in the data (e.g. Weselak et al. 2008b). Because our simula-
tions do not include formation/destruction of H2, even low
column density regions are assumed to have a relatively high
H2 fraction, and thus are able to form CH+ in our simulation.
In reality, photodissociation will suppress the H2 fraction in
low column density regions, where self-shielding is ineffec-
tive. Proper treatment of the variable H2 fraction requires
radiative transfer including H2 self-shielding (Valdivia et al.
2017).
The CH+ column densities found in MML15 lie between
the results of our lowest (b0.5 and b0.5-iso) and highest (b4.5
and b4.5-iso) magnetic field strength simulations. In this
way, our results are consistent with theirs. We find that am-
bipolar diffusion can become a significant factor contributing
to the heating of the volume, and cannot be neglected en-
ergetically. MML15 found that the contribution to the CH+
abundance from the ion-neutral drift velocities to be the
dominant effect responsible for producing CH+; we corrob-
orate this finding. The fact that CH+ is predominantly pro-
duced by the ion-neutral drift velocities in our model as well
as in the MML15 model is the reason that our results quali-
tatively agree despite the large discrepancy in our H2 cooling
functions. Both our paper and theirs rely on the same post-
processing method to deduce the ion-neutral drift velocities.
In apparent conflict to our findings and those of
MML15, Valdivia et al. (2017, hereafter V17) ran a two-
phase, colliding flow MHD simulation and found that CH+
was not primarily produced by high ion-neutral drift veloc-
ities in their simulation. Their simulation under-produced
CH+ relative to observations, finding column densities ∼
1011−12 cm−2 rather than ∼ 1013 cm−2. The reasons for this
appear to be three-fold. First, a variable ionization fraction
means a higher electron fraction and more rapid destruction
of CH+ in low density regions. Second, destruction of H2 in
low-density regions limits CH+ production by reaction (1).
Third, a higher ionization fraction means that ion-neutral
drift velocities will be lower, and as we find CH+ is very sen-
sitive to changes in the ion-neutral drift velocity, this can
have an enormous impact on the overall CH+ abundance.
V17 found overall drift velocities around two orders of mag-
nitude lower than those we find.
Another potentially important difference between V17
and our work is the geometry of the problem and origin of
the turbulence therein. The biphasic nature of their simu-
lation certainly also impacts the drift velocity distribution.
It would be informative in future work to do a multiphase
study following similar methods to V17, but using a periodic
domain driven at large scales the way we have in our study.
Our simulations with B0 = 4.5µG produce rotationally-
excited H2 at levels approximately consistent with UV ab-
sorption measurements of rotationally-excited H2, and the
observed correlation between CH+ and rotationally-excited
H2 is also reproduced (see Figs. 10 and 13). However, our
models fall short of the strong infrared emission observed
from the quiescent translucent cloud DCld 300.2-16.9 (In-
galls et al. 2011). It appears that some additional process is
contributing to the H2 excitation in this cloud.
Planck observations of polarized emission from dust pro-
vide a strong test of MHD simulations. The fact that the
polarization of dust emission in our simulations is so effec-
tively destroyed by averaging over beams a few pc in size
(Fig. 14) is puzzling when compared to the Planck Collabo-
ration et al. (2015d) data. Perhaps the mean field B0 should
be even stronger than B0 = 4.5µG, thus lowering the Alfve´n
number. Or perhaps ambipolar diffusion (or some other field-
smoothing mechanism) acts more strongly than we have as-
sumed in our simulations, in which ambipolar diffusion has
not been treated self-consistently.
In the future, two-fluid simulations that include am-
bipolar diffusion, full radiative transfer, variable ionization
fraction, and time-dependent chemistry will be necessary to
fully disentangle all of the separate variables and fully un-
derstand the problems we have addressed in this paper. It
may not be feasible to model all of these things at once in
a volume similar in size to what we have studied here (8000
pc3), and realistically, future simulations will likely capture
one or several of these effects at once, unless effective sub-
grid models can be developed.
8 SUMMARY
We present MHD simulations of diffuse molecular clouds 20
pc in size using two different mean magnetic field strengths
(0.5µG and 4.5µG). All simulations have the same 3D veloc-
ity dispersion (within 10%) chosen to remain consistent with
the linewidth-size relation for molecular clouds (Solomon
et al. 1987). We compare simulations using an isothermal
equation of state with non-isothermal simulations includ-
ing realistic heating and cooling. We calculate H2 cooling
over a range of temperatures, densities, and H2 fractions,
and provide an accurate fitting function for the cooling. The
MHD simulations were post-processed in a way similar to
MML15 to calculate CH+ abundances, and H2 excitation and
line emission. We compare these results to observations and
find that we can explain the CH+ abundance (Figs. 8, 9),
and rotational excitation of H2 in many regions (Figs. 10,
13. However, we fall short of explaining the strong H2 rota-
tional line intensities seen from two translucent clouds (In-
galls et al. 2011). The H2 line emission is correlated with the
CH+ (Fig. 10).
CH+ appears to be primarily manufactured in low den-
sity regions with high ion-neutral drift velocities. These high
ion-neutral drift velocities significantly complicate the inter-
pretation of our results because they can become unphys-
ically large. Because of concern about the realism of the
high-drift-velocity regions, we calculate CH+ production and
H2 line emission only from regions where the drift velocity
vd < 5 km/s, corresponding to ambipolar diffusion Reynolds
number RAD . 1. We examine the effects of this cutoff on
total H2 rotational line emission and CH+ abundance in fig-
ure 2.
We also construct synthetic line-of-sight velocity dis-
tributions for CH+ and H2 molecules (Fig. 12). The CH+
profiles tend to be broader than the neutral line profiles,
especially in simulations with a higher mean magnetic field
strength.
We compute the polarization of starlight and thermal
emission from dust grains and in our MHD simulations,
and compare our results to those of Planck Collaboration
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et al. (2018). The polarization statistics are largely unaf-
fected by which method was used for the hydrodynamics
(including heating and cooling processes vs. using an isother-
mal equation of state). The polarization does depend on field
strength/Alfve´n Mach number, with higher field strength
(lower Alfve´n Mach number) corresponding to higher levels
of polarization (Fig. 16).
We examine the effect of averaging the Stokes Q and
U over a gaussian beam of varying width and find our sim-
ulations to be marginally inconsistent with the findings of
Planck Collaboration et al. (2018).
The correlation between beam-averaged polarization of
dust thermal emission and polarization of starlight along a
sightline is too low in our simulations. We suspect that this
is due to our Alfve´n Mach number in our simulations (MA ∼
1.2−1.4) being higher than that in nature (perhapsMA . 1)
on these scales. We speculate that perhaps field-smoothing
by ambipolar diffusion in nature is more effective than in
our simulations, which do not treat ambipolar diffusion self-
consistently.
We conclude that the Alfve´n Mach number in interstel-
lar clouds is likely smaller than in our simulations, likely
MA . 1. Going beyond the work we have done here will
require two-fluid simulations to self-consistently model the
effects of ambipolar diffusion in multiphase regions.
ACKNOWLEDGEMENTS
We thank Vincent Guillet, Brandon Hensley, Chang-goo
Kim, Matthew Kunz, Chris McKee, Eve Ostriker, and Dan
Welty for many valuable discussions. We also thank Ivanna
Escala for great advice on data visualization. This research
was supported in part by NSF grants AST-1408723 and
AST-1908123.
KT was supported by the Japan Society for the
Promotion of Science (JSPS) KAKENHI Grant Numbers
16H05998, 16K13786, 17KK0091, 18H05440.
REFERENCES
Abgrall H., Roueff E., 1989, Astronomy and Astrophysics Sup-
plement Series, 79, 313
Abgrall H., Roueff E., Launay F., Roncin J., Subtil J., 1993a,
Astronomy and Astrophysics Supplement Series, 101, 273
Abgrall H., Roueff E., Launay F., Roncin J., Subtil J., 1993b,
Astronomy and Astrophysics Supplement Series, 101, 323
Balakrishnan N., Vieira M., Babb J. F., Dalgarno A., Forrey
R. C., Lepp S., 1999, ApJ, 524, 1122
Barinovs G˘., van Hemert M. C., 2006, ApJ, 636, 923
Celiberto R., et al., 2017, Atoms, 5, 18
Chakrabarti K., Mezei J. Z., Motapon O., Faure A., Dulieu O.,
Hassouni K., Schneider I. F., 2018, Journal of Physics B
Atomic Molecular Physics, 51, 104002
Coppola C. M., Lique F., Mazzia F., Esposito F., Kazandjian
M. V., 2019, MNRAS, 486, 1590
Crompton R. W., Gibson D. K., McIntosh A. I., 1969, Australian
Journal of Physics, 22, 715
Douglas A. E., Herzberg G., 1941, ApJ, 94, 381
Dove J. E., Teitelbaum H., 1974, Chem. Phys., 6, 431
Draine B. T., 1980, ApJ, 241, 1021
Draine B. T., 1986a, MNRAS, 220, 133
Draine B. T., 1986b, ApJ, 310, 408
Draine B. T., Bertoldi F., 1996, ApJ, 468, 269
Draine B. T., Katz N., 1986a, ApJ, 306, 655
Draine B. T., Katz N., 1986b, ApJ, 310, 392
Duley W., Hartquist T., Sternberg A., Wagenblast R., Williams
D., 1992, Monthly Notices of the Royal Astronomical Society,
255, 463
Elitzur M., Watson W. D., 1978, ApJ, 222, L141
Falgarone E., Puget J.-L., 1995, Astronomy and Astrophysics,
293, 840
Flower D. R., Pineau des Forets G., Hartquist T. W., 1985, MN-
RAS, 216, 775
Frisch P. C., Jura M., 1980, ApJ, 242, 560
Gerlich D., Disch R., Scherbarth S., 1987, J. Chem. Phys., 87,
350
Gillmon K., Shull J. M., Tumlinson J., Danforth C., 2006, ApJ,
636, 891
Glassgold A. E., Galli D., Padovani M., 2012, The Astrophysical
Journal, 756, 157
Habing H. J., 1968, Bull. Astron. Inst. Netherlands, 19, 421
Indriolo N., McCall B. J., 2012, The Astrophysical Journal, 745,
91
Ingalls J. G., Bania T. M., Boulanger F., Draine B. T., Falgarone
E., Hily-Blant P., 2011, ApJ, 743, 174
Lambert D. L., Danks A. C., 1986a, ApJ, 303, 401
Lambert D. L., Danks A. C., 1986b, ApJ, 303, 401
Le Bourlot J., Pineau des Foreˆts G., Flower D. R., 1999, MNRAS,
305, 802
Li P. S., McKee C. F., Klein R. I., Fisher R. T., 2008, The As-
trophysical Journal, 684, 380
Linder F., Schmidt H., 1971, Zeitschrift Naturforschung Teil A,
26, 1603
Lique F., 2015, MNRAS, 453, 810
Lynn J. W., Parrish I. J., Quataert E., Chandran B. D., 2012,
The Astrophysical Journal, 758, 78
Mac Low M.-M., Norman M. L., Konigl A., Wardle M., 1995, The
Astrophysical Journal, 442, 726
Mathis J. S., Mezger P. G., Panagia N., 1983, A&A, 128, 212
Myers A. T., McKee C. F., Li P. S., 2015, MNRAS, 453, 2747
Pan L., Padoan P., 2009, The Astrophysical Journal, 692, 594
Pan K., Federman S., Cunha K., Smith V., Welty D., 2004, The
Astrophysical Journal Supplement Series, 151, 313
Pineau des Forets G., Flower D. R., Hartquist T. W., Dalgarno
A., 1986, MNRAS, 220, 801
Planck Collaboration et al., 2015a, A&A, 576, A104
Planck Collaboration et al., 2015b, Astronomy & Astrophysics,
576, A105
Planck Collaboration et al., 2015c, A&A, 576, A106
Planck Collaboration et al., 2015d, A&A, 576, A107
Planck Collaboration et al., 2018, ArXiv:1807.06212,
Solomon P. M., Rivolo A. R., Barrett J., Yahil A., 1987, ApJ,
319, 730
Spitzer Jr L., Cochran W. D., Hirshfeld A., 1974, The Astrophys-
ical Journal Supplement Series, 28, 373
Sternberg A., Dalgarno A., 1995, Chemistry in Dense Photon-
dominated Regions
Turner J., Kirby-Docken K., Dalgarno A., 1977, ApJS, 35, 281
Valdivia V., Godard B., Hennebelle P., Gerin M., Lesaffre P., Le
Bourlot J., 2017, A&A, 600, A114
Wakker B. P., 2006, ApJS, 163, 282
Weselak T., Galazutdinov G., Musaev F., Kre lowski J., 2008a,
A&A, 479, 149
Weselak T., Galazutdinov G., Musaev F., Kre lowski J., 2008b,
Astronomy & Astrophysics, 479, 149
White R. E., 1984, The Astrophysical Journal, 284, 695
Wolfire M. G., McKee C. F., Hollenbach D., Tielens A., 2003, The
Astrophysical Journal, 587, 278
Wolniewicz L., Simbotin I., Dalgarno A., 1998, ApJS, 115, 293
MNRAS 000, 000–000 (2019)
CNM Turbulence 17
Zanchet A., Godard B., Bulut N., Roncero O., Halvick P., Cer-
nicharo J., 2013, ApJ, 766, 80
van Dishoeck E. F., Black J. H., 1986, ApJS, 62, 109
APPENDIX A: NUMERICAL CONVERGENCE
One result of our study has been that the the ion-neutral
drift velocity vd plays a critical role in CH+ formation and
excitation of H2 rotational line emisssion. Here we examine
the sensitivity of vd to resolution for our simulations with
heating and cooling included throughout and an adiabatic
γ = 5/3. In figure A1, we show the probability density func-
tions of the ion-neutral drift velocity at four different res-
olutions, from 643 through 5123, and at two separate mean
magnetic field strengths, 0.5 µG and 4.5 µG. It is worth
noting that the highest end of this distribution will never
converge in a turbulent domain without ambipolar diffusion
being modeled explicitly. This provides additional reason for
us to implement a cut in the ion-neutral drift velocities that
we consider in our analysis.
Figure A2 shows the mean ambipolar diffusion heating
〈ΓAD〉 computed only for cells with ion-neutral drift velocities
below 5 km/s. While our results do seem to have some reso-
lution dependence, we would expect this. Only if we were to
introduce an explicit physical dissipation mechanism would
we expect a well-converged result.
APPENDIX B: CALCULATING H2 LEVEL
POPULATIONS AND EMISSION
B1 Radiative Processes
We seek to calculate the populations of the (v, J) levels of
the H2 electronic ground state X1Σ+g . Einstein A coefficients
for quadrupole transitions between the different (v, J) levels
are taken from Turner et al. (1977).3
Our code allows for photoexcitation out of the ground
electronic state to the B1Σ+u , C
1Π+u , and C
1Π−u states, followed
by either dissociation or return to bound (v, J) levels of the
ground electronic state. We use energy levels, Einstein A
coefficients, and dissociation probabilities from Abgrall &
Roueff (1989) and Abgrall et al. (1993a,b). However, the re-
sults presented here assume ultraviolet pumping to be weak
enough so that H2 excitation is dominated by collisional pro-
cesses.
B2 Collisional Rate Coefficients
We include the effects of collisions with H, He, e−, and H2 on
the rovibrational excitation and deexcitation of H2. Excita-
tion rates are obtained from deexcitation rates using detailed
balance:
k`→u =
gn(Ju)
gn(J`)
(
2Ju + 1
2J` + 1
)
e−(Eu−E`)/kT ku→` , (B1)
where Eu > E`, and gn(J) = 1, 3 for J =even, odd.
3 For all important transitions, these are in agreement with the
more recent values from Wolniewicz et al. (1998).
B3 Statistical Equilibrium
Let nH ≡ n(H) + 2n(H2) + n(H+) be the number density of
H nucleons. We consider the 299 bound rotation-vibration
levels of H2 with rotational quantum number J ≤ 29, and
assign level index i in order of increasing energy Ei, with i = 0
corresponding to (v=0, J=0) and i = 298 to (v=14, J=3). Let
xi ≡ 2n(H2(vi, Ji))nH , i = 0,N − 1 (B2)
be the fraction of the H nucleons in H2(vi, Ji), and let
xN ≡ n(H)nH (B3)
be the fraction of the H nucleons in atomic H. We neglect the
small fraction of H in molecules other than H2. The ionized
fraction is then n(H+)/nH = 1 −∑Nj=0 x j.
For f , i we define a transition matrix
Ri f = kHi f n(H) + k
He
i f n(He) + k
H2
i f n(H2) + Ai f + ζi f + Φi f (B4)
where, for 0 ≤ i < N
kXi f = rate coefficient for X + H(vi, Ji)→ X + H2(v f , J f )
for f < N (B5)
kXiN = rate coefficient for X + H(vi, Ji)→ X + 2H, (B6)
Ai f = spontaneous decay rate ( f < i < N), (B7)
ζi f = i→ f transition rate due to UV pumping ,
(i < N, f < N), (B8)
ζiN = photodissociation rate (H2(vi, Ji) + hν→ 2H) (B9)
Φi f = 0 for i < N, (B10)
ΦN f = RgrnHφ f for f < N , (B11)
where RgrnHn(H) is the rate per volume of H2 formation on
grains, and φ f is the fraction of newly-formed H2 in rotation-
vibration state (v f , J f ).
For convenience, we define the diagonal elements
Rii = −
∑
f,i
Ri f . (B12)
Then we have
d
dt
x f =
N∑
i=0
Ri f xi for f = 0, ...,N . (B13)
B4 Pseudo Steady State
The true steady state solution with dxi/dt = 0 for i =
0, ...,N is one where H2 dissociation is balanced by H2 for-
mation. The time scale for approaching this steady state,
τ = (2nHRgr + 2
∑
i ζiN xi)−1, is generally long compared to
the timescales for redistribution over the vibration-rotation
states. In fact, H2 formation and dissociation will often not
be balanced in interstellar molecular gas, particularly hot
gas that may be cooling rapidly after being shock-heated.
Collisional deexcitation of levels that have been pop-
ulated by UV pumping and injection of newly-formed H2
in excited states can act as a heat source, confusing the
calculation of collisional cooling. To remove the effects of
UV pumping and isolate the collisional cooling, we treat the
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B0 = 0.5µG
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Figure A1. Probability density functions of the ion-neutral drift velocity at various resolutions for each of our chosen mean field
strengths, 0.5 µG and 4.5 µG. The vertical dashed red line represents our 5 km/s cut that we employ throughout the paper. While it
does not appear that our results fully converge, we would not necessarily expect them to: turbulence is an inherently unresolved problem
in the absence of physical dissipation.
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Figure A2. Volume averaged ambipolar diffusion heating calcu-
lated for only those regions where the drift velocity vd < 5 km/s.
Points in blue are for the low (0.5 µG) field strength simulations,
while points in red are for the high (4.5 µG) field strengths.
atomic fraction xN ≡ n(H)/nH as a parameter, artificially sup-
press the rate of H2 formation by a factor λform  1, and find
the solution to the set of equations
0 =
N∑
i=0
R′i f xi for f = 0, ...,N , (B14)
where
R′i f = k
H
i f n(H) + k
H2
i f n(H2) + k
He
i f n(He) + Ai f + λuvζi f (B15)
for i , f , i < N , f < N
R′iN = λuv
[
kHiNn(H) + k
He
iN n(He) + k
H2
iN n(H2) + ζiN
]
, (B16)
for i < N
R′Ni ≡ λformRgrnHφi (B17)
for i < N
R′ii ≡ −
∑
f,i R′i f , (B18)
where the factor λuv modifies all of the dissociation rates
to ensure that the steady-state solution to (B14) has the
desired atomic fraction xN :
λuv ≡ λform 2RgrnHxN∑N−1
i=0 xiRiN
. (B19)
The rates for UV pumping are also suppressed by the factor
λuv. Because we take λform  1, the H2 level populations are
determined only by collisional processes and spontaneous
radiative decay.
B5 H2(v, J) + H
Lique (2015) has calculated collisional deexcitation rate co-
efficients for H2(vu, Ju)+H→ H2(v`, J`)+H for the 63 rotation-
vibration excited states with E(vu, Ju)/hc < 15240 cm−1 (E/k <
21930 K), for temperatures 100 K ≤ T ≤ 5000 K. This in-
cludes levels up to (v, J) = (0, 17), (1, 14), (2, 11), and (3, 8).
We use the Lique (2015) deexcitation rates for deexcitation
from these levels. For deexcitation from levels E(vu, Ju)/hc >
15240 cm−1, we use the Lique (2015) rates for the same Ju,
J`, and vu − v` if available; otherwise we use rates for the
same ∆v and the highest Ju considered by Lique (2015). For
100 K < T < 5000 K we interpolate in the rates provided by
Lique (2015). For T < 100 K or T > 5000 K we assume the
deexcitation rates to scale as k ∝ √T .
B6 H2(v, J) + H2
For collisional deexcitation H2(vu, Ju) + H2 → H2(v`, J`) + H2
we assume that one of the colliding H2 molecules does not
change state; this is clearly incorrect, but a full set of state-
to-state rate coefficients for H2 +H2 collisions is not yet avail-
able. We use the inelastic cross sections calculated by Le
Bourlot et al. (1999) increased by a factor of 3 to obtain
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vibrational relaxations rates in agreement with the exper-
imental results of Dove & Teitelbaum (1974) at T = 1000,
2000, and 3000 K.
For H2(vu, Ju)+He→ H2(v`, J`)+He we use simple analytic
fits to the rates calculated by Le Bourlot et al. (1999).
B7 H2(v, J) + He
For collisional deexcitation H2(vu, Ju) + He → H2(v`, J`) + He
we use the analytic functions provided by Le Bourlot et al.
(1999) to fit their quantum-mechanical results. The results
of Balakrishnan et al. (1999) appear to be in good agree-
ment with the Le Bourlot et al. (1999) rates for the |∆J| ≤ 4
transitions that dominate the inelastic collisions.
B8 H2(v, J) + e−
We consider only ∆J = 0 and ±2.
For H2(vu, Ju) + e− → H2(vu, Ju − 2) + e− we use rates ob-
tained from the J = 0 → 2 experimental data of Crompton
et al. (1969) and the J = 1 → 3 data of Linder & Schmidt
(1971):
k[(vu, Ju)→ (vu, Ju − 2)] =
2.4 × 10−11 Ju(2Ju − 3)
2Ju − 1
(1 + kT/∆E)3/2
1 + 10−3T 23
cm3 s−1 (B20)
For ∆v = −1 we take
k[(vu, Ju)→ (vu − 1, J`)] =
1.2 × 10−10vu f (Ju, J`)
(
T3 + 0.8T 1.23
1 + 0.005T 23
)
cm3 s−1 , (B21)
with
f (Ju, J`) ≡ 2J` + 14Ju + 6 for Ju ≤ 1 (B22)
≡ 2J` + 1
6Ju + 3
for Ju ≥ 2 . (B23)
For ∆v = −2 and ∆v = −3 we take
k[(vu, Ju)→ (vu − 2, J`)] =
3 × 10−12vu f (Ju, J`) T
1.6
3
1+0.003T23
cm3 s−1 (B24)
k[(vu, Ju)→ (vu − 3, J`)] =
1.2 × 10−12vu f (Ju, J`) T
1.5
3
1+0.018T23
cm3 s−1 . (B25)
For ∆v = −4,−5,−6 we take
k[(vu, Ju)→ (v`, J`)] = 2 × 10−13vu f (Ju, J`)
T 1.53
1 + 0.01T 23
cm3 s−1
APPENDIX C: POLARIZATION BY ALIGNED
DUST GRAINS
Suppose the dust grains to be oblate spheroids, with cross
sections Ca and Cb for E parallel and perpendicular to the
symmetry axis aˆ. Consider directions xˆ and yˆ in the plane
of the sky. In the Rayleigh limit λ  aeff , a dust grain will
have cross sections
Cx = Ca(aˆ · xˆ)2 +Cb[1 − (aˆ · xˆ)2] (C1)
Cy = Ca(aˆ · yˆ)2 +Cb[1 − (aˆ · yˆ)2] (C2)
for radiation with E in the xˆ and yˆ directions, respectively.
Let falign measure the alignment of grain axes aˆ with the local
magnetic field direction bˆ ≡ B/B:
falign ≡ 32
[
〈(aˆ · bˆ)2〉 − 1
3
]
. (C3)
Randomly-oriented grains have 〈(aˆ · bˆ)2〉 = 1/3 and falign = 0;
perfectly-oriented grains have falign = 1. We assume falign to
be independent of position. Define
βx(x, y) ≡
∫
dz ρ (bˆ · xˆ)2∫
dz ρ
(C4)
βy(x, y) ≡
∫
dz ρ (bˆ · yˆ)2∫
dz ρ
(C5)
βxy(x, y) ≡ 2
∫
dz ρ (bˆ · xˆ)(bˆ · yˆ)∫
dz ρ
(C6)
Q˜(x, y) ≡ βx − βy (C7)
U˜(x, y) ≡ −βxy (C8)
P˜(x, y) ≡
(
Q˜2 + U˜2
)1/2
. (C9)
Suppose the grains have aˆ · bˆ = cos θ, with aˆ precess-
ing around bˆ. Averaging over the precession and along the
sightline:
〈(aˆ · xˆ)2〉 = falignβx + 13
(
1 − falign
)
(C10)
〈(aˆ · yˆ)2〉 = falignβy + 13
(
1 − falign
)
. (C11)
Define
C¯ ≡ 2Cb +Ca
3
(C12)
Cpol ≡ Cb −Ca2 . (C13)
In the Rayleigh limit, an optically-thin sightline has emitted
intensity
I =
1
2
NdBν(Td)
[
〈Cx〉 + 〈Cy〉
]
(C14)
= NdBν(Td)
[
C¯ + falignCpol
(
2
3
− βx − βy
)]
. (C15)
The Stokes Q and U, and polarized intensity P are
Q =
1
2
NdBν(Td)(〈Cx〉 − 〈Cy〉)
= NdBν(Td)Cpol falign(βy − βx)
= NdBν(Td)Cpol falignQ˜ (C16)
U = −NdBν(Td)Cpol falignβxy
= NdBν(Td)Cpol falignU˜ (C17)
P = (Q2 + U2)1/2 . (C18)
Let 〈...〉σ denote a beam average. The polarized intensity and
total intensity are
〈P〉σ = Bν(Td)Cpol falign
(
〈NdQ˜〉2σ + 〈NdU˜〉2σ
)1/2
(C19)
〈I〉σ = Bν(Td)C¯〈Nd〉σ ×[
1 + falign
Cpol
C¯
(
2
3
− 〈Ndβx〉σ〈Nd〉σ −
〈Ndβy〉σ
〈Nd〉σ
)]
≈ Bν(Td)C¯〈Nd〉σ (C20)
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The beam-averaged fractional polarization is
p =
〈P〉σ
〈I〉σ ≈
Cpol
C¯
falign
(
〈NdQ˜〉2σ + 〈NdU˜〉2σ
)1/2
〈Nd〉σ . (C21)
Aligned grains polarize starlight. Let Ca,? and Cb,? be ex-
tinction cross sections for starlight polarized parallel or per-
pendicular to aˆ. The “modified picket fence approximation”
(MPFA) consists of using Eq. (C1,C2) even at wavelengths
that are comparable to the grain size. Draine & Hensley
(2020, in prep.) show that the MPFA is sufficiently accurate
to use in modeling starlight polarization. The difference in
extinction cross section for radiation polarized perpendicu-
lar or parallel to the projection of B on the plane of the sky
is then
Cext?,‖ −Cext?,⊥ = [Cb,? −Ca,?] falign[(bˆ · xˆ)2 + (bˆ · yˆ)2] (C22)
and initially unpolarized radiation develops a polarization
characterized by
(q?, u?) ≈ NdCpol? falign(Q˜, U˜) (C23)
Cpol,? ≡ Cb,? −Ca,?2 . (C24)
The fractional polarization of the starlight is
p? =
(
q2? + u
2
?
)1/2
. (C25)
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